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Context: Adefovir dipivoxil (ADV)was an important cause of adult-onset hypophosphatemic osteomalacia. Howev-
er, its clinical characteristics and mechanisms have not been well defined.
Objective: The objective of the studywas to summarize the clinical characteristics of ADV-induced osteomalacia and
to explore the association between ADV-associated tubulopathy and polymorphisms in genes encoding drug trans-
porters.
Design, setting, patients, and main outcome measure: Seventy-six affected patients were clinically studied. The
SLC22A6 and ABCC2 genes were screened and compared with healthy people from the HapMap.
Results: Hypophosphatemia, high serum alkaline phosphatase (ALP) levels, hypouricemia, nondiabetic glycosuria,
proteinuria, metabolic acidosis and high bone turnover markers were the main metabolic characteristics. Fractures
and pseudofractures occurred in 39 patients. Stopping ADV administration, supplementing calcitriol and calcium
was effective during the follow-up period. Single SNP analysis revealed a higher percentage of the G/A genotype
at c.2934 in exon 22 of the ABCC2 gene (rs3740070) in patients than in healthy people (12% [7 of 58 patients] vs.
0% [0 of 45 patients]; P= 0.017), while there was no subject with homozygosity for the A allele at c.2934.
Conclusions: ADV can be nephrotoxic at a conventional dosage. The G/A genotype at c.2934 of the ABCC2 gene may
be a predictor of patients at greater risk for developing ADV-associated tubulopathy. Larger case-control studies are
needed to further verify this finding.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The rapid development of antiviral drugs has considerably reduced
the mortality of chronic hepatitis B patients. Adefovir dipivoxil (ADV),
a type of nucleotide analogue developed in 2002, is extensively used
for chronic hepatitis B therapy. ADV has high antiviral activity [1,2]
and efficacy. However, ADV may be associated with potentially serious
nephrotoxicity, which could induce secondary hypophosphatemic oste-
omalacia. Preliminary studies revealed that significant nephrotoxicity
occurs at a high dosage (N30mg once daily) [3,4]. To date, clinical stud-
ies have rarely reported severe nephrotoxicity in patients treated with
ADV at a low dosage (10 mg once daily). Thus, the nephrotoxicity asso-
ciatedwith ADVmay be dose-limiting. Nevertheless, the long-term clin-
ical application of ADV at a conventional dosage has been found to be
responsible for proximal renal tubular dysfunction and secondary
hypophosphatemic osteomalacia [5–10]. Here, we report our findings
from the study of 76 patients who developed hypophosphatemic osteo-
malacia secondary to ADV use.
s and Genetic Research Unit,
i Jiao Tong University Affiliated
33, China.
The mechanism by which ADV causes renal tubular dysfunction is
not well understood, although transporter proteins in the renal tubule
may be involved. The nucleoside analogue enters the epithelial cells of
the proximal tubule through the basolateral membrane and utilizes or-
ganic anion transporters (OATs), mainly OAT1 (encoded by the solute
carrier gene SLC22A6) [11–13]. The drug is then secreted into the
urine through the luminal membrane utilizing multidrug-resistance
proteins (MRPs), primarily MRP2 (encoded by adenosine triphos-
phate-binding cassette sub-family C gene ABCC2) [12–14]. Formany an-
tiviral drugs, the efflux at the luminal membrane is rate limiting and
occasionally results in intracellular accumulation [15]. Therefore, trans-
porter expression may modulate the extent of tubular damage. To fur-
ther explore the mechanism, we investigated the association between
polymorphisms in the ABCC2 and SLC22A6 genes and the development
of tubular dysfunction in chronic hepatitis B patients treated with ADV.
2. Materials and methods

2.1. Study subjects

From June 2008 through June 2015, 76 patientswere diagnosedwith
ADV-induced hypophosphatemic osteomalacia. These patients were

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2016.09.017&domain=pdf
http://dx.doi.org/10.1016/j.bone.2016.09.017
mailto:zzl2002@medmail.com.cn
http://dx.doi.org/10.1016/j.bone.2016.09.017
http://www.sciencedirect.com/science/journal/87563282
www.elsevier.com/locate/bone


98 Z. Wei et al. / Bone 93 (2016) 97–103
treated in the Department of Osteoporosis and Bone Diseases, Shanghai
Sixth People's Hospital Affiliated to Shanghai Jiaotong University,
Shanghai, China. All patients were chronically infected with hepatitis B
virus (HBV) and were treated with low-dose ADV (10 mg once daily).
These patients sought care or were referred to our institution with
symptoms of fatigue, bone pain, and/or pathological fractures. No pa-
tient had other conditions known to affect bone metabolism or renal
function, including hyperthyroidism, diabetes mellitus, primary hyper-
parathyroidism, pituitary and adrenal diseases, rheumatic diseases,
and other kind of metabolic bone diseases. After obtaining a detailed
medical and family history, the following tests were conducted or fac-
torsweremeasured tomake a definite diagnosis: urine routine tests, ar-
terial blood gas analyses, hepatic and renal function, serum electrolytes
(including serum calcium, serum phosphorus and serum potassium),
serum alkaline phosphatase (ALP), serum 25-hydroxy vitamin D
[25(OH)D], and serum parathyroid hormone (PTH), and bone turnover
markers (including serum osteocalcin (OC) in the form of N-terminal
midmolecule fragment (N-MID) and beta C-terminal cross-linked
telopeptides of type l collagen (β-CTX)). X-ray radiography of the tho-
racic and lumbar vertebrae, limbs and hips was individually performed.
A Lunar Prodigy dual-energy X-ray absorptiometry (DXA) densitometer
(Lunar Corporation, Madison, WI, USA) was used to obtain the bone
mineral density (BMD) values of the left proximal femur, including
the femoral neck, total hip, and anteroposterior lumbar spine 1–4 (L1–
4). The instrumentwas calibrated daily, and the coefficient of variability
(CV) values of theDXAmeasurements (obtained from15 individuals re-
peated three times) were 1.39% for the lumbar spine and 2.22% for the
femoral neck. Whole-body bone images were obtained by single-pho-
ton emission computed tomography (SPECT)/CT on 20 patients. Pa-
tients were followed for an average of 9.4 months (1–62 months)
after therapy.

2.2. Ethics statement

The study protocol was approved by the Committee of the Ethics of
Human Research in the Affiliated Sixth People's Hospital of Shanghai
Jiaotong University. All patients provided informed consent for inclu-
sion in the study according to the guidelines at our institution, and ge-
netic consent was approved.

2.3. SNP detection of the SLC22A6 and ABCC2 genes

DNA was isolated from peripheral blood leukocytes using the
QuickGene DNA Whole Blood Kit L (KURABO, Japan) and the Nucleic
Acid Isolation System (QuickGene-610L, FUJIFILM, Japan). DNA se-
quencing of polymerase chain reaction (PCR) amplified SLC22A6 and
ABCC2 gene fragments covering the entire coding region and sequenc-
ing of the intron-exon boundaries were performed using an ABI 3730
automated sequencer and the Big Dye Terminator Sequencing protocol
(ABI). The mRNA sequences (NM_004790.4 and NM_000392.3) of the
SLC22A6 and ABCC2 genes were used as reference sequences. DNA mu-
tation numberingwasbased on cDNA sequencingusing theA of theATG
translation initiation start site as nucleotide +1.

2.4. Statistical analyses

Descriptive results of continuous variables were expressed as me-
dians and interquartile ranges. The X2 testwas used to compare propor-
tions, and Fisher's corrections were applied when needed. All statistics
were performed using SPSS, version 22.0 (SPSS), and differences with
P values b 0.05 were considered significant.

2.5. Mutation prediction

To assess the damaging effects ofmissensemutations in the SLC22A6
and ABCC2 genes, the online databases, PolyPhen-2 (Polymorphism
Phenotyping v2; http://genetics.bwh.harvard.edu/pph2/) [16], SIFT
(Sorting Tolerant From Intolerant; http://sift.jcvi.org/) [17], and
Mutation Taster (http://www.mutationtaster.org) [18] were used.

3. Results

3.1. Clinical characteristics

3.1.1. General characteristics
We obtained detailed demographic and clinical information about

all 76 patients. Some of the main characteristics are presented in Table
1, including age, gender, chronic hepatitis B duration, ADV treatment
duration and course of bone pain. Notably, the median duration of
ADV treatment before the onset of secondary hypophosphatemic osteo-
malacia was 5 years, while the minimum duration was only 1.5 years,
and the maximum was 13 years (median and interquartile range are
listed in Table 1). All 76 patients were taking ADV at a dosage of
10 mg once daily, while 17 patients were treated with imported ADV,
28 patients with domestically produced ADV, and 31 patients with the
combination of both. Some patients had been treated with various
courses of antiretroviral therapies before they began ADV treatment,
26 of 76 (36.1%) had received lamivudine, and 7 of 76 (9.7%) had re-
ceived entecavir. The main reason these patients switched treatments
was lack of treatment efficacy.

The patients' clinical manifestations included muscle weakness/fa-
tigue (100%), gradually exacerbated bone pain (100%) (primarily in
the heel, then spreading to the lower limbs, lower back and ribs), and
difficulty walking (63.9% [46 of 76 patients]). Because of the nonspecific
symptoms, several patients were misdiagnosed. Of these patients, 13
were misdiagnosed with osteoporosis, 3 were misdiagnosed with
spondyloarthropathy, and 1wasmisdiagnosedwithmultiple myeloma.

3.1.2. Laboratory tests
Urine routine and arterial blood gas tests were carried out. In

addition, hepatic and renal function, serum electrolytes and bone
turnover markers were measured. The results primarily revealed
hypophosphatemia, high ALP, hypouricemia, nondiabetic glycosuria,
proteinuria, metabolic acidosis and high bone turnover markers (Table
1). The bone turnover makers are evaluated based on the reference
range we previously established [19].

3.1.3. Imaging examination
Radiography tests (X-ray, CT, or MRI) were carried out for 65 pa-

tients. Fractureswere verified in 39 of 65 (60%) patients. These fractures
consisted of vertebral compression fractures (30.8% [20 of 65 patients]),
rib fractures (21.5% [14 of 65 patients]), pelvic deformities (18.5% [12 of
65 patients]) and pseudofractures (6.2% [4 of 65 patients]). All 20 pa-
tients who underwent a whole body bone scan by SPECT/CT demon-
strated high uptake in multiple locations throughout the skeleton, and
4 patients were misdiagnosed as bone metastasis. The results of the
BMD examination revealed a significant decrease in bone density
(Table 1).

3.1.4. Treatment
The diagnosis of ADV-associated nephrotoxicity and secondary

hypophosphatemic osteomalacia in our patients was established by ev-
idence of generalized dysfunction of the proximal renal tubule causing
impaired reabsorption of glucose, protein, and phosphate. This impaired
reabsorption resulted in increased excretion of glucose and protein into
the urine, hypophosphatemia and metabolic acidosis. ADV administra-
tion was therefore ceased immediately after diagnosis, and entecavir
was administered as the hepatitis B antiviral therapy for some of the pa-
tients. Calcium carbonate (1.5 g/d) and calcitriol (0.5 μg/d) were also
administered. Sodium bicarbonate (1.5 g/d) was used for patients
with severe metabolic acidosis. Notably, elemental phosphate supple-
mentation was not used for any patients.
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Table 1
Characteristics of the study population.

Characteristics Number of available data Values Abnormal cases (frequency) Normal range

Age, years 76 52.5 (46–62)
Gender, male/female 76 48/28
Duration of chronic hepatitis B, years 61 10 (7–17)
Duration of adefovir treatment, years 72 5 (5–7)
Course of bone pain, months 68 12 (10–24)
Blood gas analysis 60

Metabolic acidosis 28 (45.9)
Blood parameters

ALP (U/L) 73 248 (194–317) 71 (97.3) 15–112
Cr (μmol/L) 68 95 (81–112) 12 (18.2) 53–115
UA (μmol/L) 53 120 (95–140) 50 (94.3) 210–430
Ca (mmol/L) 69 2.28 (2.21–2.39) 3 (4.3) 2.08–2.60
P (mmol/L) 73 0.54 (0.46–0.65) 70 (95.9) 0.80–1.60
PTH (pg/mL) 70 26.65 (18.31–39.26) 14 (20.0) 15–65
OC (ng/mL) 51 29.46 (24.98–38.33) 45 (88.2) Female: 4.91–22.31

Male: 5.58–28.62
β-CTX (ng/L) 68 1125 (596–1650) 51 (75.0) Female: 112–497

Male: 100–612
25(OH)D (ng/mL) 65 17.51 (12.34–23.60) 39 (60.0) N30
Hypokalemia (mmol/L) 75 12 (16.0)

Urine parameters 62
Nondiabetic glucosuria 40 (64.5)
Proteinuria 52 (82.5)

BMD 60
L1–4 (Z-score) −2.3 [(−3.1)–(−1.5)]
Neck (Z-score) −1.9 [(−2.5)–(−1.3)]
Total hip (Z-score) −2.2 [(−3.0)–(−1.7)]

Note. Data aremedian (interquartile range) for quantitative variables and no. (%) of patients for qualitative variables. ALP, alkaline phosphatase; Cr, creatinine;UA, uric acid; Ca, calcium; P,
phosphorus; PTH, parathyroid hormone; OC, osteocalcin; β-CTX, beta C-terminal cross-linked telopeptides of type l collagen; 25(OH)D, 25-hydroxy vitamin D.
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3.1.5. Follow-up
The average follow-up period was 9.4 months (1–62 months). Dur-

ing the follow-up, symptomatic relief was achieved within 3 to 6
months. Inmost patients, the serumphosphorus levels rapidly returned
to the normal range after ADV usewas discontinued, and the abnormal-
ities did not recur when antiviral therapy with entecavir replaced ADV.
Serum phosphorus levels became normal in 54.3% patients (19 of 35) 3
months after the withdrawal of ADV and in 90.5% (19 of 21 patients)
after 6 months. Serum ALP and β-CTX concentrations gradually de-
creased, glucosuria and proteinuria gradually disappeared after therapy.
15 patients underwent another BMD test approximately 1 year after
therapy, and the results revealed improvements of 6.2–51.3% (25.4 ±
13.1) in the lumbar spine and 2.8–60.0% (25.8 ± 16.4) in the femoral
neck compared to baseline before therapy. The changes in biochemical
parameters are shown in Table 2.
3.2. Genetic variations in the SLC22A6 and ABCC2 genes

The sequencing results of the SLC22A6 gene among 55 samples re-
vealed 11 SNP sites and 1 mutation site, while sequencing of the
ABCC2 gene among 58 samples revealed 23 SNP sites (involving 9
novel or extremely low frequency SNP sites) and 5 mutation sites.
Table 2
Changes in biochemical parameters (baseline and post-treatment).

Characteristics Baseline (0 month) 3 months (n = 53) 6 months (n

P (mmol/L) 0.54 (0.46–0.65) 0.78 (0.68–0.92) 0.84 (0.72–0
ALP (U/L) 248 (194–317) 249 (176–357) 249 (190–3
UA (μmol/L) 120 (95–140) 159 (122–188) 186 (142–1
OC (ng/mL) 29.46 (24.98–38.33) 57.14 (40.22–82.10) 59.32 (46.23

β-CTX (ng/L) 1125 (596–1650) 2015 (1298–2565) 1950 (1280

Nondiabetic glucosuria 40 (64.5) 8 (29.6) 5 (22.7)
Proteinuria 52 (82.5) 16 (59.3) 11 (50.0)

Note. Data are median (interquartile range) for quantitative variables and no. (%) of patien
osteocalcin; β-CTX, beta C-terminal cross-linked telopeptides of type l collagen.
3.2.1. Association between single nucleotide polymorphisms in SLC22A6
and ABCC2 genes and the risk of ADV-associated tubulopathy

We selected 4 SNP sites on the SLC22A6 gene and 12 SNP sites on the
ABCC2 gene on the basis of a minor-allele frequency N 5% and compared
the genotypes and alleles to the healthy CHB population from the
HapMap (http://hapmap.ncbi.nlm.nih.gov). The distribution of geno-
types and alleles at these SNP sites was provided in Table 3. Single
SNP analysis revealed a higher percentage of genotype G/A at c.2934
in exon 22 of the ABCC2 gene (rs3740070) in patients than in the
healthy CHB population from HapMap (12% [7 of 58 patients] vs. 0% [0
of 45 patients]; P = 0.017), while there was no subject with homozy-
gosity for the A allele at c.2934. No significant differences of SNPs on
the SLC22A6 gene and other SNPs on the ABCC2 gene were observed.
3.2.2. Mutation analysis
The mutational analysis revealed 1 missense mutation of the

SLC22A6 gene in 1 of 55 patients, p.Pro416His (c.1247C N A) in exon 7.
Four missense mutations of the ABCC2 gene, p.Thr486Ile (c.1457C N T,
rs17222589) in exon 10, p.Ser789Phe (c.2366C N T) in exon 18,
p.Asn807Ser (c.2420A N G, rs113300169) in exon 18 and p.His1414Tyr
(c.4240C N T) in exon 30, were identified separately in 1 of 58 patients.
Among them, the P416H (SLC22A6), S789F (ABCC2) and H1414Y
= 28) 12 months (n = 23) 18 months (n = 11) Normal range

.98) 0.85 (0.76–1.01) 0.94 (0.84–1.08) 0.80–1.60
66) 182 (134–240) 135 (120–218) 15–112
98) 173 (154–203) 182 (176–223) 210–430
–107.50) 49.97 (35.12–74.88) 46.78 (41.77–59.59) Female: 4.91–22.31

Male: 5.58–28.62
–2930) 1430 (922–2318) 1384 (919–1715) Female: 112–497

Male: 100–612
4 (23.5) 1 (14.3)
7 (41.2) 3 (42.9)

ts for qualitative variables. P, phosphorus; ALP, alkaline phosphatase; UA, uric acid; OC,

http://hapmap.ncbi.nlm.nih.gov


Table 3
Genotypes and allelic frequencies at SLC22A6 and ABCC2 in patients and healthy people from HapMap.

Gene (protein), based on db cDNA, SNP identification, and genotype or allele Patients (n = 58) CHB (HapMap) P-value

SLC22A6 (hOAT1)
c.-127G N A, rs4149170
G/G 29 23
G/A 22 18 1.000
A/A 4 3
G 80 64
A 30 24 1.000

c.-20A N G, rs4149171
A/A 28 NA
A/G 24
G/G 3
A 80
G 30

c.921 + 33C N T, rs2276300
C/C 34 27
C/T 19 16 1.000
T/T 2 2
C 87 70
T 23 20 0.822

c.1362-176 T N C, rs3017670
C/C 36 34
T/C 19 9 0.119
T/T 0 1
C 91 77
T 19 11 0.352

ABCC2 (MRP2)
c.-24C N T, rs717620
C/C 38 26
C/T 19 18 0.768
T/T 1 1
C 95 70
T 21 20 0.463

c.868-218G N T, rs2756109
G/G 25 18
G/T 27 23 0.895
T/T 6 4
G 77 59
T 39 31 0.901

c.1249G N A, rs2273697 (p.Val417Ile)
G/G 43 38
G/A 15 7 0.206
A/A 0 0
G 101 83
A 15 7 0.235

c.1967 + 169C N T, rs3740074
T/T 35 23
C/T 21 20 0.644
C/C 2 2
T 91 66
C 25 24 0.392

c.2095-105T N C, rs3740073
C/C 34 23
T/C 22 19 0.671
T/T 2 3
C 90 65
T 26 25 0.376

c.2620 + 148_2620 + 149delGT, rs3047477
N2/N2 23 NA
N2/− 20
−/− 15
N2 66
– 50

c.2934G N A, rs3740070
G/G 51 45
G/A 7 0 0.017
A/A 0 0
G 109 90
A 7 0 0.019

c.3258 + 56T N C, rs4148396
C/C 34 20
C/T 22 23 0.360
T/T 2 2
C 90 63
T 26 27 0.217

c.3414 + 108C N T, rs3740068

100 Z. Wei et al. / Bone 93 (2016) 97–103



Table 3 (continued)

Gene (protein), based on db cDNA, SNP identification, and genotype or allele Patients (n = 58) CHB (HapMap) P-value

C/C 49 42
C/T 9 3 0.221
T/T 0 0
C 107 87
T 9 3 0.179

c.3741 + 154T N C, rs3758395
T/T 33 23
T/C 22 17 0.539
C/C 3 5
T 88 63
C 28 27 0.346

c.3843 + 124C N G, rs3740067
C/C 35 20
C/G 21 18 0.640
G/G 2 1
C 91 58
G 25 20 0.508

c.3976C N T, rs3740066
C/C 35 23
C/T 21 20 0.639
T/T 2 2
C 91 66
T 25 24 0.392

Note. Data are no. of patients for genotypes and no. of alleles for alleles (total number is twice the number of patients). Statistically significant P values (P b 0.05) are shown in boldface.
hOAT1, human organic anion transporter 1; MRP2, multidrug-resistance protein 2; SNP, single-nucleotide polymorphism. NA, not available.
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(ABCC2) mutations were predicted to have a pathogenic effect accord-
ing to Polyphen-2, SIFT andMutation Taster analyses (Table 4). Further-
more, the homology analysis among different animal species indicated
that the positions of these 3 mutations were highly conserved (Fig. 1).
In addition, we identified a splice site mutation, c.2620 + 3A N G in in-
tron 19 of the ABCC2 gene.

4. Discussion

Nephrotoxic effects due to antiviral therapies have previously been
described (e.g., tenofovir [20,21], indinavir [22,23] and foscarnet [24]
in HIV-infected patients). Hypophosphatemic osteomalacia after ADV
(10 mg daily) administration has also been previously reported in the
form of case reports [5,8,10,25,26]. However, nephrotoxicity and subse-
quent hypophosphatemic osteomalacia induced by ADV at 10 mg daily
dose is a significant phenomenon, more patients than we previously
knew have suffered from it. Here, we present the clinical features of
76 patients with ADV-associated nephrotoxicity and severe secondary
hypophosphatemic osteomalacia.

The clinicalmanifestations of ADV-induced hypophosphatemic oste-
omalacia are usually not specific and frequently manifest as muscle
weakness and bone pain. Pain often begins in the weight-bearing
sites, such as the lower limbs, and then gradually spreads to the entire
body. ADV-induced nephrotoxicity may occur at the therapeutic dose
after long-term application, mainly after N5 years. The biochemical
manifestations of osteomalacia induced by ADV are similar to those of
tumor-induced osteomalacia (TIO), with high ALP, hypophosphatemia
Table 4
Mutational analysis of 5 missense mutations.

Gene Nucleotide
change

Predicted amino acid
change

Frequency in
patients

Polyphen-2
score

SLC22A6 c.1247C N A p.Pro416His 1/55 0.997

ABCC2 c.1457C N T p.Thr486Ile 1/58 0.063
ABCC2 c.2366C N T p.Ser789Phe 1/58 0.999

ABCC2 c.2420A N G p.Asn807Ser 1/58 0.026

ABCC2 c.4240C N T p.His1414Tyr 1/58 0.999
andhigh bone turnovermarkers. However, hypouricemia,metabolic ac-
idosis, nondiabetic glucosuria and proteinuria, which indicate Fanconi
syndrome and nephrotoxicity, are specific to ADV (as well as some
other antiviral drugs) induced hypophosphatemic osteomalacia. These
characteristics are almost absent in patients with TIO. Furthermore, to
exclude the possibility of TIO, PET-CTwas performed on some of the pa-
tients. Themain treatments were withdrawing ADV, adjusting the acid-
base balance with sodium bicarbonate, and administering calcitriol and
calcium.Notably, elemental phosphate supplementationwas not neces-
sary for therapy. During the follow-up, the patients experienced signif-
icant improvements in their clinical symptoms (reduction in bone pain
and gradual restoration of biochemical indicators).

Owing to the potentially severe nephrotoxicity of ADV and the
known susceptibility of certain people, identifying the possible risk fac-
tors is of great significance. In this study, we report the results of an in-
vestigation of the pharmacogenetic determinants of ADV-associated
tubulopathy in chronic hepatitis B-infected patients. The most impor-
tant finding was the association between ADV-associated tubulopathy
and the c.2934G N A substitution of the ABCC2 gene (rs3740070).

The underlying mechanisms by which the c.2934G N A substitution
in the ABCC2 gene influences the risk of nephrotoxicity due to ADV in
these patients remain to be determined. This substitution, located at
exon 22 of the ABCC2 gene, is a synonymous variation because both
the wild-type (TCG) and mutant (TCA) alleles encode a serine residue.
However, the hypothesis that there is linkage disequilibrium between
this polymorphism and other SNPs in genes coding for as-yet-unidenti-
fied proteins that influence tubular function should be considered, and
Prediction SIFT
score

Prediction Mutation taster
prob

Prediction

Probably
damaging

0.00 Affect protein
function

1.0000 Disease
causing

Benign 0.19 Tolerated 1.0000 Polymorphism
Probably
damaging

0.00 Affect protein
function

1.0000 Disease
causing

Benign 0.06 Tolerated 0.8932 Disease
causing

Probably
damaging

0.00 Affect protein
function

1.0000 Disease
causing



Fig. 1. Homology analysis of the mutation sites in different species.
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the c.2934G N A substitution may be a sequence polymorphic marker.
Further study is needed to verify this idea.

Six mutation sites were identified in affected subjects. Three mis-
sense mutations (P416H of the SLC22A6 gene and S789F and H1414Y
of the ABCC2 gene) were predicted to have a pathogenic effect based
on the mutational analysis. However, these mutations occurred at an
extremely low frequency in a single patient indicating that it is likely
not a common pathogenic determinant of ADV-associated tubulopathy.
Nevertheless, we should consider the possibility that these mutations
may play a role in the pathogenesis of somepatients, and this possibility
remains to be confirmed by increasing the sample size and further func-
tional analysis.

Previous studies revealed that ABCC2 genetic variants were associat-
ed with drug-induced nephrotoxicity [27–30]. In a study by Izzedine et
al. [29], 4 SNPs in ABCC2 were associated with tenofovir-induced renal
proximal tubulopathy. However, 2 missense polymorphisms,
c.3563T N A (Val1188Glu) and c.4544G N A (Cys1515Tyr), were not ob-
served among our study subjects. The 2 synonymous polymorphisms,
c.24C N T and c.1249G N A, which were also observed among our
study subjects, were not associated with ADV-associated tubulopathy.
However, the mechanisms by which these ABCC2 SNPs affect MRP2
function have not been clarified.

In another study [13], Servais and colleagues studied adefovir clear-
ance in rat after inhibition of transporters by probenecid and in mutant
transport-deficient (TR−) rats, in which MRP2 is lacking. They found
that the renal clearance of adefovir was significantly lower in probene-
cid treated TR−rats than in normal control rats, probenecid treated
normal rats and TR-control rats. MRP2 mutation alone did not affect
adefovir clearance. Thus, MRP2 does play a role in the tubular secretion
of adefovir, but it is not the only participant. Additional transporters,
which can be inhibited by probenecid, also take part in the renal clear-
ance of adefovir. Further studies are needed to discover other trans-
porters and genetic markers that may be associated with ADV-
associated renal toxicity.

To the best of our knowledge, there are no previous reports of ADV-
induced hypophosphatemic osteomalaciawith such a large sample size.
Our experience in managing these 76 patients with ADV-induced oste-
omalacia may facilitate early diagnosis and treatment, and exploration
of the pathogenesis may provide a basis for individualized ADVmedica-
tion. However, several limitations of our study must be acknowledged.
Firstly, we lacked strictly control groups, such as chronic hepatitis B pa-
tients treated with ADV for N5 years and not suffering from ADV-in-
duced osteomalacia (matched by age, race and sex). Case-control
studies could further verify our findings and may identify new SNPs,
mutations and haplotypes at genes associated with ADV-associated
tubulopathy. Secondly, measure of urinary phosphate is absent in our
study. Therefore, we can only presume phosphaturia based on other ev-
idences of tubulopathy, such as nondiabetic glucosuria and proteinuria.
Thirdly, we only assessed two transporters. Other transporters that
were not considered may also play an important role in the elimination
of ADV throughout the renal tubule, as discussed above. Finally, the val-
idation of our results presented here certainly requires sufficiently
powered independent clinical studies and functional analyses. Func-
tional data are not yet available.

5. Conclusion

In conclusion, long-term (an average term of 5 years), low-dose
(10 mg/d) ADV therapy was an important cause of adult-onset,
hypophosphatemic osteomalacia in Chinese individuals. Clinicians
should be aware of this side effect when using ADV for antiviral therapy.
For early diagnosis, we suggest clinicians to pay more attention to the
serum ALP and serum phosphorus level during the course of ADV treat-
ment. Especially when other indexes of the hepatic function, such as al-
anine aminotransferase (ALT), aspartate aminotransferase (AST) and γ-
glutamyltranspeptidase (γ-GT), are all within normal levels, only the
ALP level above normal, we should be warned of ADV-induced
hypophosphatemic osteomalacia. Urine routine and arterial blood gas
tests are neededwhen necessary. According to our results, some people
may have a genetic predisposition to developing ADV-associated
tubulopathy and secondary hypophosphatemic osteomalacia, which
may contribute to inter-individual differences in the renal tolerance to
ADV. Furthermore, larger studies are needed to establish this relation-
ship. If these preliminary data are confirmed in prospective studies,
then ADV may not be suggested for patients with predisposing geno-
types as the antiviral therapy or close monitoring of tubular function
must be warranted when they receiving ADV treatment.
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