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Background and aim: Sodium-glucose cotransporter-2 (SGLT2) inhibitors, glucose-lowering drugs that increase
urinary glucose excretion have been shown to reduce CV events in patients with type 2 diabetes (T2D).
Furthermore, several studies have demonstrated that treatment with SGLT2 inhibitors affect calcium and

Empagliflozin phosphate homeostasis, but the effect of empagliflozin on these biomarkers is hitherto not investigated in detail.
Serum phosphate . . . . . . .
FGF23 Therefore, this analysis of the EMPA hemodynamics study examined effects of empagliflozin on calcium and

PTH phosphate homeostasis.
Methods: In this placebo-controlled, randomized, double-blind study patients with T2D were randomized to
empagliflozin 10 mg (n = 20) or placebo (n = 22). Biomarkers of calcium and phosphate homeostasis were
assessed before, and after 3 days and 3 months of treatment.
Results: After 3 days of treatment empagliflozin significantly increased serum levels of phosphate (baseline: 1.10
+ 0.21 mmol/L; day 3: 1.25 + 0.23 mmol/L; p = 0.036), parathyroid hormone (PTH) (baseline: 57.40 + 30.49
pg/mL; day 3: 70.23 + 39.25 pg/mL; p = 0.025), fibroblast growth factor 23 (FGF23) (baseline: 77.92 + 24.31
pg/mL; day 3: 109.18 + 58.20 pg/mL; p = 0.001) and decreased 1,25-dihydroxyvitamin D (baseline: 35.01 +
14.01 ng/L; day 3: 22.09 + 10.02 mg/L; p < 0.001), while no difference of these parameters was recorded after 3
months of treatment. Empagliflozin had no significant effects on serum calcium and markers of bone resorption
(collagen type 1 p-carboxy-telopeptide = B-CTX) or formation (osteocalcin) after 3 days and 3 months of
treatment.
Conclusions: Empagliflozin treatment of patients with T2D transiently increases serum phosphate, PTH and
FGF23, and decreases 1,25-dihydroxyvitamin D. This might reflect a temporal increase of sodium driven phos-
phate reabsorption in the proximal tubule of the kidney caused by increased sodium availability in response to
SGLT2 inhibition.

1. Introduction osmotic diuresis (Gallo et al., 2015). In patients with T2D, several

placebo-controlled cardiovascular outcome trials (CVOTs) with SGLT2

Sodium-glucose cotransporter-2 (SGLT2) inhibitors are glucose-
lowering drugs used to treat patients with type 2 diabetes (T2D).
These agents act by inhibiting SGLT2 in the proximal tubule of the
kidney leading to reduced tubular glucose and sodium reabsorption with
subsequent increase of urinary glucose excretion, natriuresis, as well as

inhibitors (EMPA-REG OUTCOME with empagliflozin (Zinman et al.,
2015), the CANVAS program (Neal et al., 2017) and CREDENCE (Per-
kovic et al., 2019) with canagliflozin, DECLARE with dapagliflozin
(Wiviott et al., 2019), VERTIS with ertugliflozin (Cannon et al., 2020))
demonstrated a reduction in CV events and/or a reduction in
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hospitalisation for heart failure (HHF) in patients with atherosclerotic
CV disease (ASCVD), multiple CV risk factors, or chronic kidney disease
(McGuire et al., 2021).

Irrespective, some studies have demonstrated adverse effects of
SGLT2 inhibitors on bone metabolism. Treatment with dapagliflozin
increased bone fractures in patients with T2D (Kohan et al., 2014) while
canagliflozin was associated with increased incidence of fractures in
patients with T2D in the CANVAS trial (Watts et al., 2016). In addition,
in the EMPA-REG OUTCOME trial upper extremity fractures were
numerically higher under treatment with empagliflozin (FDA, 2016).
Previous studies further demonstrated effects of SGLT2 inhibitors on
bone and mineral homeostasis. Serum levels of phosphate increased
under treatment with dapagliflozin (de Jong et al., 2019), while levels of
fibroblast growth factor 23 (FGF23) — which decreases the reabsorption
of calcium and increases excretion of phosphate — were induced during
canagliflozin treatment (Blau et al., 2018).

It currently remains unknown whether effects of SGLT2 inhibition on
bone metabolism are compound specific and whether this is a transient
or persistent phenomena. Therefore, we investigated the effect of
empagliflozin on serum levels of calcium, phosphate, parathyroid hor-
mone (PTH), 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, FGF23,
collagen type 1 p-carboxy-telopeptide (B-CTX) and osteocalcin at base-
line, and after 3 days and 3 months of treatment in a secondary analysis
of the randomized, placebo-controlled, double-blind EMPA hemody-
namics study in patients with T2D (Rau et al., 2021).

2. Methods
2.1. Study population and study design

In this placebo-controlled, double-blind, randomized, 2-arm parallel,
interventional study 44 patients with T2D were randomized into 2
groups. The randomization list was computer generated using a
permuted block randomization with block size of 4. The sequence gen-
eration method and the block size were concealed from the in-
vestigators. An independent pharmacist labelled the study medications
according to the randomization list. Study participants received empa-
gliflozin 10 mg or placebo for a period of 3 months in addition to their
concomitant medication. Blood chemistry were performed at baseline
(day 0), day 1, day 3 and after 3 months. Participants were recruited
from the Department of Internal Medicine I at University Hospital
Aachen, RWTH Aachen University, Germany. Inclusion criteria were as
follows: type 2 diabetes, HbAlc > 6.5% and age > 18 years. Exclusion
criteria were type 1 diabetes, uncontrolled hypertension, age > 75 years,
pregnancy, renal impairment (eGFR < 30 mL/min/1.73 m?), liver dis-
ease (serum levels of AST, ALT or AP more than three times the upper
limit of normal), uncontrolled thyroid disease, endocrinopathies like
Graves' disease, akromegaly, Cushings' disease, secondary hypertension
due to renal artery stenosis, pheochromocytoma or hyperaldosteronism,
hypertensive retinopathy or encephalopathy, acute coronary syndrome,
stroke or transient ischemic attack in last 6 weeks prior to randomiza-
tion. The study protocol was approved by the local ethic committee and
all subjects gave written informed consent. The trial was registered:
EudraCT number: 2016-000172-19.

2.2. Laboratory measurement

All serum samples of our study patients have been collected in the
morning and in a fasting state in accordance with the study protocol.
Serum chemistry including calcium, phosphate, PTH, 25-hydroxyvita-
min D and 1,25-dihydroxyvitamin D were performed at baseline, day
3 and after 3 months of treatment. We used commercially available
assays to determine FGF23, p-CTX and osteocalcin at baseline, day 3 and
after 3 months of treatment. FGF23 was measured using a human ELISA
kit (2nd Generation) of Immutopics, Inc. (San Clemente, CA, USA). The
sensitivity of the ELISA is 1.5 pg/mL. According to the manufacturer's
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specifications, coefficients of variation for intra-assay precision are 4.1%
(mean value: 43 pg/mL) respectively 2.0% (mean value: 426 pg/mL)
(calculated from 20 duplicate determinations in a single assay). To
assess inter-assay precision means (46 pg/mL respectively 441 pg/mL)
and coefficients of variation (9.1% respectively 3.5%) were calculated
from duplicate determinations in 20 assays by the manufacturer. An
ELISA kit of Inmunodiagnostic Systems Holdings PLC (Boldon Colliery,
Tyne and Wear, UK) was used to determine p-CTX (assay range: 0-3.380
ng/mL). The sensitivity of the ELISA is 0.020 ng/mL. According to the
manufacturer's specifications, coefficients of variation for intra-assay
precision are 1.7-3.0% and 2.5-10.9% for inter-assay precision,
respectively. Osteocalcin was measured using an ELISA kit of Quidel
Corporation (San Diego, CA, USA). According to the manufacturer's
specifications, limit of detection is 0.45 ng/mL, and coefficients of
variation are 4.8-10.0% (for intra-assay precision) and 4.8-9.8% (for
inter-assay precision). We collected 24 h urine at baseline, day 3 and
after 3 months to measure renal excretion of glucose, sodium, calcium,
phosphate and creatinine.

2.3. Statistical analysis

Statistical analyses were performed using SAS 9.4 Software (SAS
Institute Inc., Cary, NC, USA). We investigated the influence of empa-
gliflozin as compared to placebo with regard to all parameters described
above. For each of the outcome variables measured at day 3 and month
3, we fitted a repeated linear mixed effects model (Proc Mixed in SAS).
The baseline value of the respective variable as well as the treatment
group, the time of the visit in days and the interaction between treat-
ment and days were included in the model. The days were included as
repeated effect and a random intercept was modelled. The variance
components covariance structure was used. All investigated variables
and the corresponding baseline values were log-transformed before
being entered into the model to improve the model fit. The model fit was
examined by visual inspection of the residual plots. The pairwise dif-
ferences of least square means between empagliflozin and placebo and
p-values were calculated for each time point (day 3 and month 3).

For the graphical illustration of the courses over time of selected
outcome variables, means and standard errors are shown for empagli-
flozin and placebo for each time point. Graphical illustrations were
created using the statistical software R (Version 4.0.2). For all statistical
analyses p-values < 0.05 were categorized as statistically significant.

3. Results
3.1. Baseline characteristics

From May 2017 to January 2019 a total of 44 patients underwent
randomization. Data analysis was performed on 42 patients with 2 pa-
tients in the empagliflozin group being excluded because of protocol
violations (concomitant intake of SGLT2 inhibitors at baseline and
throughout study). As reported previously (Rau et al., 2021), compa-
rable baseline characteristics were observed between empagliflozin and
placebo treated patients (Supplementary table). Mean age of study
participants was 62 + 6.8 years, 81% were male, with a mean glycated
hemoglobin of 7.7 + 1.1%, a mean BMI of 31.3 + 4.6 kg/m?, a mean
eGFR of 83 + 19 mL/min/1.73 m? and a history of CVD in 71% of all
patients. Patients had a baseline blood pressure of 135/81 mmHg (SD
16.9/13.2). Baseline values for 25-hydroxyvitamin D were significant
different between the empagliflozin and placebo group (Fig. 1 and
Table 1). Baseline medication was comparable in both groups including
anti-diabetic drugs, RAAS-inhibition, beta blockers and statins (Sup-
plementary table).

3.2. Effects of empagliflozin on calcium and phosphate homeostasis

After 3 days of treatment, empagliflozin significantly increased
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Fig. 1. Changes in biomarker levels during the study. Serum calcium [A], serum phosphate [B], 25(OH)D [C], 1,25(0OH).D [D], PTH [E], FGF23 [F], p-CTX [G], osteocalcin [H], urine calcium/creatinine ratio [I] and
urine phosphate/creatinine ratio [J] in patients with type 2 diabetes treated with empagliflozin (n = 20; black line) or placebo (n = 22; blue dotted line). Data are shown as mean =+ standard error at baseline, after 3 days
and after 3 months. p-values were calculated from the respective linear mixed effects models for the log-transformed value of day 3 and month 3, adjusting for the baseline value. p-values < 0.05 were categorized as
statistically significant.
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Table 1

Changes in biomarker levels during the study.
Biomarker Baseline Day 3 Month 3

Placebo Empagliflozin Placebo Empagliflozin p Placebo Empagliflozin p

Serum calcium — mmol/L 2.33+0.10 2.35+0.11 2.32+0.11 2.35 £0.10 p = 0.588 2.33 £ 0.09 2.40 £ 0.15 p =0.104
Serum phosphate — mmol/L 1.09 £ 0.15 1.10 £ 0.21 1.11 £ 0.19 1.25 +£0.23 p =0.036 1.09 £ 0.15 1.17 £ 0.25 p = 0.225
25(0OH)D - ng/mL 19.95 +9.07 15.62 £+ 7.41 19.74 £+ 9.05 15.77 + 8.27 p =0.674 18.15 +10.25 17.42 £+ 9.02 p = 0.049
1,25(0OH),D - ng/L 36.76 + 12.39 35.01 + 14.01 36.62 + 14.79 22.09 + 10.02 p < 0.001 34.17 £ 13.95 31.51 + 16.56 p = 0.629
PTH - pg/mL 48.69 + 25.10 57.40 + 30.49 48.77 + 24.99 70.23 £+ 39.25 p = 0.025 52.59 + 16.38 67.82 + 44.70 p = 0.984
FGF23 - pg/mL 70.34 + 14.28 77.92 + 24.31 75.34 £17.60 109.18 + 58.20 p = 0.001 71.22 +13.44 90.29 + 23.09 p = 0.089
p-CTX — ng/mL 0.05 £+ 0.03 0.07 £ 0.13 0.04 £ 0.03 0.07 £ 0.10 p = 0.419 0.05 £+ 0.03 0.05 £+ 0.03 p = 0.922
Osteocalcin — ng/mL 1.65 £+ 0.03 1.65 + 0.02 1.63 £+ 0.02 1.64 £+ 0.02 p =0.583 1.63 + 0.02 1.63 + 0.03 p = 0.552
Urine calcium/creatinine ratio 0.29 + 0.24 0.25 +0.13 0.29 + 0.23 0.22 +0.13 p = 0.098 0.25 +0.19 0.27 £ 0.16 p = 0.684
Urine phosphate/creatinine ratio 1.88 £ 0.58 2.04 £ 0.54 2.08 £ 0.66 2.28 + 0.60 p =0.351 2.13 £ 0.61 2.22 £ 0.49 p = 0.640

Values are mean =+ SD. p-values were calculated from the respective linear mixed effects models for the log-transformed value of day 3 and month 3, adjusting for the

baseline value. p-values < 0.05 were categorized as statistically significant.

1,25 (OH).D = 1,25-dihydroxyvitamin D, 25(OH)D = 25-hydroxyvitamin D, f-CTX = collagen type 1 f-carboxy-telopeptide, FGF23 = fibroblast growth factor 23, PTH

= parathyroid hormone.

serum levels of phosphate (baseline: 1.10 + 0.21 mmol/L; day 3: 1.25 +
0.23 mmol/L; p = 0.036), PTH (baseline: 57.40 + 30.49 pg/mL; day 3:
70.23 + 39.25 pg/mL; p = 0.025) and FGF23 (baseline: 77.92 + 24.31
pg/mL; day 3: 109.18 + 58.20 pg/mL; p = 0.001) while decreasing 1,25-
dihydroxyvitamin D (baseline: 35.01 + 14.01 ng/L; day 3: 22.09 +
10.02 mg/L; p < 0.001) (Table 1). This occurred without calcium, 25-
hydroxyvitamin D nor B-CTX and osteocalcin levels being affected
(Table 1). The modulation of phosphate metabolism was transient and
no longer present after 3 months of treatment (Fig. 1 and Table 1).
Further, empagliflozin did not affect urinary phosphate nor calcium
excretion after 3 days and 3 months of treatment (Fig. 1 and Table 1).

4. Discussion

The most striking observation of our study was an early and signif-
icant increase of serum phosphate levels in empagliflozin treated pa-
tients after 3 days which was no longer apparent at the later 3 month
time point. Renal reabsorption of inorganic phosphate (Pi) is a key
process in the control of the extracellular phosphate concentration.
Phosphate reabsorption mostly happens in the proximal tubule of the
kidney which is the same location relevant for glucose reabsorption by
SGLT2 transporters (Fig. 2A). Similar to glucose reabsorption by SGLT2
the reabsorption of phosphate occurs in conjunction with sodium
mediated by the sodium-dependent phosphate (NaPi) cotransporters.
Initial binding of one Na™ ion to the NaPi transporter is followed by
connection to inorganic phosphate and a subsequent Na™ ion required
for isoelectrical cell membrane translocation (Berndt and Knox, 1992).
Increased renal phosphate reabsorption might therefore be a counter
regulatory mechanism to prevent urinary loss of Na™ in response to
SGLT2 inhibition and/or be mediated by increased local urinary sodium
availability in the same tubular segment (Fig. 2B). Consistently SGLT2
inhibition causes an early but not sustained increase of urinary sodium
excretion (Sha et al., 2014; Ferrannini et al., 2017), which was by trend
also found in our study at the early 3 day but not 3 month time point.

Given the requirement of the organism to tightly control phosphate
homeostasis the observed increase of FGF23 and PTH serum levels in
empagliflozin treated patients in our study most likely reflects a contra
regulatory response to maintain ambient phosphate concentrations
(Fig. 2B). FGF23 and PTH both inhibit renal phosphate absorption by
downregulating renal sodium-dependent phosphate (NaPi) cotrans-
porters (Fig. 2B). This might be reflected by the normalization of
phosphate serum levels at the 3 month time point suggesting successful
recalibration of phosphate homeostasis in presence of SGLT2 inhibition
in our study. Although FGF23 and PTH synergistically increase renal
phosphate excretion, both hormones antagonistically modulate renal
1,25(0H)2D synthesis as the relevant mediator of intestinal phosphate
absorption (Fig. 2B). While FGF23 is known to inhibit 1,25(0OH)2D

synthesis, PTH stimulates 1,25(OH)2D synthesis. The observed decrease
of 1,25(OH)2D serum concentrations in our study suggests a dominating
relevance of FGF23 over PTH for 1,25(OH)2D synthesis aiming for a
reduction of circulating phosphate concentrations (Fig. 2B).

The increase of serum phosphate, PTH and FGF23 by SGLT2 inhi-
bition in our study is in line with previous reports using dapagliflozin (de
Jong et al., 2019; List et al., 2009) and canagliflozin (Blau et al., 2018;
Taylor et al., 2015). Moreover, canagliflozin increased FGF23 and PTH
while decreasing 1,25(0H)2D in healthy volunteers after 5 days of
treatment (Blau et al., 2018). A previous study with dapagliflozin re-
ported a nonsignificant trend in reduction of 1,25(OH)2D (de Jong et al.,
2019). The interpretation of PTH and FGF23 secretion being an
compensatory response to maintain phosphate homeostasis under
SGLT2 inhibition (Vervloet et al., 2011; Perwad et al., 2005) was sup-
ported by Blau et al. who reported peak levels of FGF23 12 h after peak
levels of serum phosphate in healthy volunteers with canagliflozin
treatment (Blau et al., 2018).

Importantly, empagliflozin did not change serum calcium and 25
(OH)D concentrations. This is consistent with previous studies using
dapagliflozin (de Jong et al., 2019; List et al., 2009), but contrasts to
studies using canagliflozin reporting moderate increase of serum cal-
cium and 25(OH)D (Weir et al., 2014). Moreover, markers of bone
resorption (B-CTX) and formation (osteocalcin) were unaffected by
empagliflozin in our study after 3 days and 3 months, while -CTX and
osteocalcin were significantly increased under treatment with canagli-
flozin after 52 weeks of treatment in comparison to placebo (Bilezikian
et al., 2016). This might reflect compound specific characteristics or
reflect differential time points of investigation which will require further
investigations.

Kohan et al. described increased bone fractures with dapagliflozin
treatment in 252 patients with T2D and chronic kidney disease (Kohan
et al., 2014). In contrast, no difference in fracture risk was reported in
DECLARE-TIMI 58 study randomizing 17,160 patients with T2D to
dapagliflozin or placebo for a period of 4.2 years (Cahn et al., 2020). In
EMPA-REG OUTCOME upper extremity fractures were numerically
higher under treatment with empagliflozin, but no significant differ-
ences in bone markers were found in a pooled analysis of 8500 patients
with T2D treated with empagliflozin or placebo (FDA, 2016). In the
CANVAS trial canagliflozin was associated with increased incidence of
fractures in patients with T2D (Watts et al., 2016) while decreasing total
hip bone mineral density in a randomized, placebo-controlled study of
716 patients with T2D (Bilezikian et al., 2016).

A recent meta-analysis suggested only canagliflozin but none of the
other SGLT2 inhibitors to increase fracture risk (Lou et al., 2020) —
suggesting compound specific differences.

The transient effect of empagliflozin on phosphate homeostasis with
a normalization after 3 months of treatment as well as the lack of an
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Fig. 2. Effects of empagliflozin on phosphate homeostasis and related hormones. A. Under physiological conditions sodium-glucose cotransporter-2 (SGLT2) me-
diates reabsorption of filtered glucose (Glc) via active cotransport with sodium (Na®) in the proximal tubule [1], while reabsorption of phosphate is mediated by
sodium-dependent phosphate cotransporters (NaPi) [2]. Glucose transporter (GLUT) mediates passive diffusion of glucose out of proximal tubule [3]. B. SGLT2
inhibition [1] increases availability of sodium in the proximal tubule [2] with consecutive increase of phosphate (Pi) absorption by NaPi as a possible counter
regulatory mechanism to prevent urinary loss of Na™ in response of SGLT2 inhibition [3]. Mechanisms of phosphate transport from proximal tubule into blood are
unknown [4]. Elevated serum phosphate levels [5] trigger secretion of PTH, and FGF23 with subsequent inhibition of 1,25-dihydroxyvitamin D synthesis with
consecutively reduced intestinal Pi reabsorption. FGF23 and PTH synergistically increase renal Pi excretion by downregulating NaPi.

effect of empagliflozin on markers of bone absorption or formation in
our study suggest empagliflozin to have minimal effects on bone and
mineral homeostasis. These findings might explain why empagliflozin
treatment is not associated with bone fractures in long-term treatment.

This study has certain limitations. Our study is a secondary analysis
of a randomized, placebo-controlled study and included only a limited
number of patients. Changes in biomarker levels of serum phosphate
homeostasis were not predefined endpoints. As such, the effect on

phosphate homeostasis is an exploratory finding and warrants confir-
mation in a larger study with phosphate homeostasis being the primary
outcome. Still, the present study was randomized, blinded and placebo-
controlled.

5. Conclusion

Taken together, our data suggest that empagliflozin treatment of
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patients with TD2 and ASCVD/high CV risk leads to an increase of serum
phosphate, PTH and FGF23, and in parallel to a decrease in 1,25(0OH)2D
after 3 days of treatment which does not persist after 3 months of
treatment. Moreover serum calcium, 25(0OH)D, urine excretion of cal-
cium and phosphate, and markers of bone resorption (-CTX) and for-
mation (osteocalcin) were unaffected by empagliflozin treatment. Our
finding suggests a transient effect of empagliflozin on phosphate ho-
meostasis and may explain why empagliflozin treatment is not associ-
ated with bone fractures in long-term treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bonr.2022.101175.
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