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Introduction

1 Introduction

1.1 Fibroblast growth factor 23 (FGF23) - a bone-derived

phosphaturic hormone

1.1.1 General aspects of the FGF family

Fibroblast growth factors (FGFs) are considered as a superfamily of polypeptides
exerting versatile biological functions in developmental growth and homeostasis of cells,
tissues, and organs including mitogenesis, cellular differentiation, and angiogenesis, and play
a crucial role in the regulation of energy and mineral metabolism [1-5]. In humans and mice,
22 members of the FGF/Fgf gene have been identified, with FGF19 being the human ortholog
of mouse Fgf15 [4, 6, 7]. All FGFs are structurally related by sharing a highly conserved -
trefoil core domain of 12 antiparallel 3-strands consisting of approximately 120 amino acids in
length flanked by distinctive N- and C-terminal sequences [1, 2, 4, 6, 8, 9]. Based on
phylogenetic sequence homology, human and mouse FGFs can be classified into seven
subfamilies comprising three groups according to their biochemical characteristics and
developmental properties [2, 4, 6, 10]. In detail, it can be distinguished between intracellular,

paracrine, and endocrine FGF subgroups as depicted in Figure 1 [6, 11].

FGF superfamily

I l
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Figure 1. Schematic overview of the FGF superfamily and physiological functions of group-
specific FGFs. FGFs are classified into seven phylogenetic subfamilies composing intracellular,
paracrine, and endocrine FGF groups. *indicates that FGF19 is the human ortholog of mouse FGF15.
Adapted and modified from [6, 7, 9, 11].
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In contrast to para- and endocrine FGFs, intracellular (or intracrine) FGFs including
FGF11/12/13/14 are not secreted extracellularly, thus mediating their function as intracellular
signaling molecules in an FGF receptor (FGFR)-independent manner [4, 6, 11]. Intracellular
FGFs are implicated in the regulation of synaptic plasticity and neuronal excitability through
modulation of voltage-gated sodium (Na*) channels [12—-14]. Specifically, FGF14 is considered
to play a critical role in neuronal motor function and coordination as an autosomal dominant
missense mutation in the human FGF14 gene leads to a slowly progressive spinocerebellar
ataxia [13, 15].

Characterized by a heparan sulphate glycosaminoglycan binding site (HBS) located
within the FGF core domain, paracrine-acting FGFs use heparin/heparan sulphate as a
cofactor to mediate their physiological reponses as extracellular proteins via interaction with
cell surface tyrosine kinase FGFRs [2, 6, 9, 16, 17]. The FGFR family comprises four genes
(FGFR1-FGFR4) which encode seven FGFR isoforms (FGFRs 1b, 1c, 2b, 2c, 3b, 3c, and 4)
generated by alternative splicing within the extracellular immunoglobin-like domain D3 of
FGFR1-FGFRS3, thus ensuring distinct ligand binding specificities [5, 11, 18]. The structural
basis of FGFRs further contains a transmembrane domain and a split cytoplasmic domain with
protein tyrosine kinase activity [9, 11, 19]. Heparin/heparan sulphate-facilitated FGF binding to
FGFRs initiates FGFR dimerization, stabilization, and subsequent activation of tyrosine kinase-
mediated signaling pathways involved in the regulation of developmental growth and
differentiation of cells, tissues, and organs [9, 11, 20—-26].

Unlike paracrine FGFs, the HBS of endocrine FGFs, namely FGF15/19, FGF21 and
FGF23, shows low affinity to heparin/heparan sulphate which enables endocrine FGFs to be
secreted and to circulate in the bloodstream and not being captured in the extracellular matrix
[2,6,7,9, 11]. In order to execute their hormone-like activity on their target organs, endocrine
FGFs thus require alternate cofactors to interact with FGFRs [1, 6]. Therefore, endocrine
actions of FGF15/19 and FGF21 are dependent on the protein B-Klotho [1, 6, 7, 27, 28].
Specifically, FGF15/19 is implicated in the regulation of bile acid metabolism [29-31], whereas
FGF21 is reported to stimulate lipolysis, hepatic ketogenesis, and glucose uptake in adipocytes
[28, 32]. On the other hand, a-Klotho serves as the obligate co-receptor for FGF23 and its
functions in phosphate homeostasis and vitamin D metabolism targeting the kidneys and

parathyroid glands as addressed in section 1.1.2 and 1.1.3 [33-35].

1.1.2 Structural characteristics and renal effects of FGF23

FGF23 is a bone-derived hormone mainly produced by osteoblasts and osteocytes [5,
36], but is also expressed to a lesser extent in extraosseous tissues such as thymus, brain,
heart, spleen, and skeletal muscle [37-39]. Yamashita et al. (2000) initially identified FGF23
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in the mouse brain being predominantly expressed in the ventrolateral thalamic nucleus [40].
Positional cloning approaches further revealed that missense mutations in the human FGF23
gene located on chromosome 12p13 are responsible for the clinical phenotype of autosomal
dominant hypophosphatemic rickets (ADHR) characterized by disturbed phosphate
homeostasis [41]. Moreover, Shimada and coworkers (2001) were the first who confirmed that
the tumoral overproduction of FGF23 is a causative factor for renal phosphate wasting and
hypophosphatemia as seen in tumor-induced osteomalacia (T1O) [42].

The biologically active FGF23 gene product is a 32-kilodalton (kDa) glycoprotein
comprised of 251 amino acid residues containing a hydrophobic secretory signal sequence of
24 amino acids [6, 40]. The FGF23 protein further contains a conserved NH; terminal FGF
core homology region and a unique 73-amino acid COOH-terminus [6, 43]. The mature FGF23
protein contains a specific consensus sequence (arginine'’®-histidine'’’-threonine’"8-
arginine'”®) which functions as a recognition site for proteolytic cleavage between arginine'’®
and serine'® by subtilisin-like proprotein convertases (SPCs) like furin [3, 6, 44].
Consequently, three molecular species of FGF23 circulate in the bloodstream: the biologically
active full-length FGF23, a shorter fragment lacking the cleaved C-terminal portion, and the
cleaved C-terminal fragment itself [3, 6, 45, 46].

FGF23 is nowadays considered as a major regulator of phosphate homeostasis and
vitamin D metabolism [33, 47]. Targeting the kidney, evidence from several in vivo studies
using genetically modified mouse models indicates that FGF23 acts as a phosphaturic
hormone and suppresses the synthesis of 1,25-dihydroxyvitamin D3 [1,25(0OH).Ds or calcitriol,
the active form of vitamin D] (Figure 2) [48-51]. The renal actions of FGF23 are dependent on
membrane-bound a-Klotho as an obligate co-receptor [5, 52]. Kuro-o et al. (1997) initially
identified a-Klotho as a membrane protein involved in the regulation of ageing and morbidity
in age-related diseases [53]. a-Klotho can be detected in various tissues [54], but is primarily
expressed in the kidney [55], choroid plexus [55], and parathyroid glands [35]. Membrane-
bound full length a-Klotho is an approximately 140-kDa type | single-pass transmembrane
protein comprised of a short intracellular tail and a large two-parted ectodomain that can be
proteolytically cleaved off by a-, B-, and y-secretases, yielding a 130-kDa soluble a-Klotho
fragment [47, 56, 57]. Soluble a-Klotho is a humoral factor circulating in the blood, but can also
be detected in cerebrospinal fluid and urine mediating pleiotropic functions including the
regulation of renal ion transport [56, 58, 59]. In addition, a truncated isoform of soluble a-Klotho
is reported to be produced by alternative splicing [33, 60]. There are three known paralogous
members of the Klotho family, namely a-, B-, and y-Klotho, of which a- and B-Klotho are
required for endocrine FGF signaling, whereas the physiological function of y-Klotho is largely
ill-defined to date [5, 56].
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Targeting the proximal tubule, circulating FGF23 preferably binds to an FGFR1c-a-
Klotho complex leading to receptor heterodimerization and activation of the intracellular FGFR-
tyrosine kinase domain [6, 56]. This event, in turn, primes the phosphorylation of FGFR
substrate 2a (FRS2a) and downstream activation of extracellular signal-regulated kinases 1/2
(ERK1/2) and serum/glucocorticoid-regulated kinase-1 (SGK1) [52, 56, 61]. Subsequently,
SGK1-mediated phosphorylation of Na*/H* exchange regulatory cofactor-1 (NHERF-1) leads
to internalization and degradation of brush border membrane residing Na*-coupled phosphate
transporters NaPi-lla/c [51, 61]. Reduced apical membrane abundance of especially NaPi-lla,
the key transporter mediating renal phosphate reabsorption, results in increased renal
phosphate excretion [33, 49]. Thus, FGF23 consequently lowers serum phosphate levels by

fostering phosphaturia as confirmed in various transgenic mouse models (Figure 2) [48-51].
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Figure 2. Renal effects of FGF23. See text for details of renal actions of FGF23 and its impact on
phosphate, Ca?*-, and Na* homeostasis. Figure is adapted and modified according to [33, 62, 63] and
was created with images adapted and modified from Servier Medical Art by Servier licensed under a
Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/;
https://creativecommons.org/licenses/by/3.0/legalcode).

In addition to its phosphaturic properties, it is well documented that FGF23 acts as a
counter-regulator of vitamin D [6, 64]. In fact, FGF23 suppresses the rate-limiting step in
calcitriol formation by ERK1/2-dependent inhibition of proximal tubular 25-hydroxyvitamin D-
1a-hydroxylase (Cyp27b1) expression (Figure 2) [33, 47, 48, 65, 66]. Concomitantly, FGF23
upregulates the expression of proximal tubular 1,25-dihydroxyvitamin Ds; 24-hydroxylase
(Cyp24at), whose gene product facilitates calcitriol degradation, subsequently leading to
reduced circulating calcitriol levels [34]. Calcitriol is reported to stimulate intestinal phosphate

absorption by increasing the brush-border membrane abundance of NaPi-llb [67]. Since
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FGF23 antagonizes renal calcitriol formation, it is thus assumed that FGF23 indirectly
decreases NaPi-lIb-mediated phosphate absorption in the small intestine, thereby underlining
the significance of FGF23 as a serum phosphate lowering hormone [68, 69]. Given that
calcitriol stimulates intestinal absorption and renal conservation of calcium (Ca?") and
phosphate to promote bone mineralization [64, 70, 71], FGF23-elicited phosphaturia and
inhibition of calcitriol formation counteracts ectopic tissue calcifications that would occur due
to imbalances of serum Ca?" and phosphate concentrations [48, 64]. Accordingly, FGF23-
deficient mice exhibit hyperphosphatemia, hypercalcemia, exaggerated elevations of serum
calcitriol along with renal vascular calcifications, severe defects in bone mineralization, and a
drastically shortened life span [48]. Interestingly, the phenotypic features of FGF23-null mice
are similar to the pathologic derangements resembling human age-related disorders as
observed in the Klotho-deficient mouse strain [48, 53]. Consequently, dietary calcitriol or
phosphate restrictions are reported to prolong survival and alleviate the aforementioned
ageing-like phenotypes in both mouse strains [72-74].

In addition, there is solid evidence from in vitro and in vivo studies that bone-derived
FGF23 expression is strikingly upregulated by calcitriol, indicating a negative feedback loop
controlling circulating calcitriol levels by inducing FGF23 [75, 76]. In osteoblasts, calcitriol thus
interacts with the vitamin D receptor (VDR) which heterodimerizes with its co-receptor protein
retinoid X receptor (RXR) leading to nuclear translocation and subsequent binding to vitamin
D-responsive consensus sites in the Fgf23 promoter, thereby inducing transcriptional
activation of Fgf23 [56, 77].

Besides its actions on the proximal tubule, FGF23 also targets the distal tubular
epithelium by serving as a regulator of renal Ca?* and Na* reclamation as shown in Figure 2
[66]. Albeit its indirect calciuretic actions via suppression of calcitriol synthesis [34], FGF23 is
reported to stimulate renal Ca?* conservation in the distal tubule via upregulation of apical
membrane abundance of the epithelial Ca?* channel transient receptor potential vanilloid 5
(TRPVS) involving ERK1/2-SGK1-with-no-lysine kinase-4 (WNK4) signaling [78]. Furthermore,
Andrukhova et al. (2014) revealed that injection of recombinant FGF23 to wild-type mice
promotes distal tubular Na* reabsorption and apical membrane expression of the Na*-chloride
(CI) cotransporter NCC via induction of the ERK1/2-SGK1-WNK4 signaling cascade [79].
Conversely, FGF23- and Klotho-deficient mice display renal Na* wasting due to diminished
apical membrane abundance of NCC in the distal tubule [79]. Targeting the kidney, these data
support the notion that FGF23 acts not only as a phosphaturic endocrine factor, but also serves
as a Ca?'- and Na*-conserving hormone, thereby underlining its physiological significance in

maintaining serum phosphate, Ca?*, and Na* concentrations in narrow ranges [33, 78, 79].
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1.1.3 Extrarenal actions of FGF23

Besides its key functions on the kidney, FGF23 has emerged as a humoral factor
exerting pleiotropic effects on various extrarenal tissues and cell types including the
parathyroid glands [35], heart [80], liver [81], immune cells [82, 83] or the bone itself as the
primary source of circulating FGF23 (Figure 3) [84].

Considering the regulation of phosphate homeostasis, FGF23 functions as a key player
in the endocrine network between bone, kidney, and parathyroid glands [6, 47]. Similar to
FGF23, the parathyroid gland-derived parathyroid hormone (PTH) targets the renal proximal
tubule and inhibits phosphate reabsorption by decreasing the apical membrane abundance of
NaPi-lla/c [85, 86]. PTH has further been shown to act as a powerful stimulator of Fgf23 gene
expression in osteoblasts and osteocytes preferably via activation of the nuclear orphan
receptor nuclear receptor-associated protein1 (Nurr1) [87, 88]. Reciprocally, FGF23 targets
the parythyroid glands and inhibits PTH synthesis and secretion in a FGFR1/a-Klotho-
dependent manner involving mitogen-activated protein kinase (MAPK)-ERK1/2 signaling,
thereby ensuring a negative feedback loop regulating circulating PTH levels by FGF23
induction [6, 35, 47, 89, 90]. Interestingly, FGF23 has also been shown to inhibit PTH secretion
in the absence of a-Klotho by alternative induction of the calcineurin/nuclear factor of activated
T cells (NFAT) signaling pathway (Figure 3) [91]. It is well established that PTH is secreted in
response to hypocalcemia associated with calcitriol deficiency [92]. As a consequence, PTH
stimulates calcitriol synthesis via CYP27B1 induction to counteract hypocalcemia [93]. In
addition to the direct inhibition of calcitriol synthesis [33, 65] as described above, FGF23
indirectly ensures its inhibitory effect on calcitriol formation by downregulation of PTH synthesis
[35], thereby underlining the importance of FGF23 as a key player in the regulation of Ca?* and
phosphate homeostasis. However, contrary to the postulated inhibitory actions of FGF23 on
PTH formation and secretion there are conflicting data suggesting a rather stimulatory effect
of FGF23 on circulating PTH levels especially in clinical settings [94—101]. In this regard,
patients with hyperparathyroidism (HPT) display elevations in serum FGF23 along with
exaggerated PTH levels in the blood [94-97]. Similarly, serum concentrations of both FGF23
and PTH are elevated in chronic kidney disease (CKD) [98-101]. Several reasons may account
for these discrepancies: First, evidence from both animal models and human studies indicates
a downregulation of the a-Klotho-FGFR1 receptor complex in the parathyroid glands of
advanced CKD, thus potentially explaining the reduced ability of FGF23 to suppress PTH
overproduction in CKD-associated HPT [69, 102, 103]. Secondly, a large portion of elevated
PTH undergoes inactivation due to increased oxidative stress-related processes in pathologies
such as CKD [69, 104, 105]. However, commonly used test kits do not distinguish between

intact and oxidized PTH fragments with reduced biologic action, thus limiting the assumption
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of proposed stimulatory actions of FGF23 on circulating active PTH levels [69, 104]. In addition,
elevated FGF23 levels are paralleled by low calcitriol levels and hypocalcemia in CKD, which,
in turn, favor secondary HPT in CKD [106, 107]. The underlying role of FGF23 in the regulation
of PTH is thus difficult to discern from rather complex interactions causing pathologic
derangements of phosphate homeostasis in CKD [56, 69, 106].

Targeting the heart, cardiac actions of FGF23 are implicated in pathological conditions
such as left ventricular hypertrophy (LVH) and myocardial fibrosis representing major
cardiovascular complications in patients with CKD (see section 1.2.2) [47, 108]. Thus, FGF23
is reported to induce hypertrophic remodeling of cardiomyocytes in an a-Klotho-independent
manner [80]. According to crucial findings by Faul et al. (2011) and Grabner et al. (2015) using
isolated neonatal rat ventricular cardiomyocytes, FGF23 mediates its pro-hypertrophic effects
via FGFR4 and downstream activation of the phospholipase Cy (PLCy)-calcineurin-NFAT
signaling pathway (Figure 3), thereby upregulating the gene expression of pro-hypertrophic
markers of pathological LVH including atrial and brain natriuretic peptide (ANP, BNP) [80, 109].
Notably, there is evidence that FGF23 is expressed by cardiomyocytes [38, 110]. Moreover,
Leifheit-Nestler and colleagues (2016) observed excessively high myocardial FGF23
expression in CKD patients with diagnosed LVH [38]. These findings support the notion that
not only circulating but also locally produced FGF23 may contribute to cardiac hypertrophic
remodeling and myocardial fibrosis in an autocrine and/or paracrine manner [66, 108].

Current data suggest that FGF23 also acts on the liver (Figure 3) [81, 111]. According
to Mattinzoli et al. (2018), FGF23 stimulates the gene expression of pro-inflammatory cytokines
including tumor necrosis factor alpha (TNFa) and interleukin (IL)-6 in cultured hepatocytes
[111]. Moreover, Singh and coworkers (2016) demonstrated that FGF23 promotes hepatic
expression and secretion of pro-inflammatory mediators such as C-reactive protein (CRP) and
IL-6 in primary mouse hepatocytes and in wild-type mice in the absence of a-Klotho [81]. In
detail, both in vitro and in vivo approaches confirmed that the activation of FGFR4-mediated
PLCy-calcineurin-NFAT signaling is crucial for the pro-inflammatory and a-Klotho-independent
actions of FGF23 on the liver [81]. It is important to note that also immune cells, specifically
leukocytes, respond to FGF23 [47]. In detail, FGF23 induces TNFa formation in different
macrophage populations (Figure 3) [83, 112]. Since hepatic tissue and also cultures of primary
hepatocytes contain specialized resident phagocytic macrophages, designated as Kupffer
cells capable to secrete TNFa and IL-6 [47, 113], it can be speculated that FGF23 may affect
TNFa and/or IL-6 synthesis in Kupffer cells, thereby, at least to some extent, potentially
explaining the pro-inflammatory effects of FGF23 in primary hepatocytes as observed in the
study of Singh et al. (2016) [81].

As outlined above, FGF23 serves as a central regulator of Ca?* and phosphate

homeostasis and thus indirectly affects skeletal mineralization by controlling calcitriol and PTH
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synthesis [6, 35, 65]. Interestingly, recent data indicate that the bone is not only the
predominant source of circulating FGF23, but may also respond to local FGF23 production via
autocrine and/or paracrine mechanisms indicating that FGF23 is directly involved in the
regulation of bone mineralization (Figure 3) [62, 66]. A crucial step during skeletal
mineralization is the hydrolysis of the mineralization-inhibiting molecule pyrophosphate,
yielding inorganic phosphate mediated by the ecto-enzyme tissue non-specific alkaline
phosphatase (TNAP) [62, 84]. According to Murali et al. (2016), FGF23 may exert an inhibitory
role on skeletal mineralization as it is reported to suppress Thap gene expression in murine
osteoblasts independently of a-Klotho and concomitantly decreases the inorganic phosphate
concentration in the cell culture supernatant [84]. In line with this finding, FGF23-deficient mice
show increased femur Thap mRNA expression levels, indicating a regulatory function of
FGF23 on bone mineralization also in vivo [84].
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Figure 3. Extrarenal effects of FGF23. See text for details of FGF23 actions on various extrarenal
tissues and cell types. Figure is adapted and modified according to [47, 62, 91, 114] and was created
with images adapted and modified from Servier Medical Art by Servier licensed under a Creative
Commons Attribution 3.0 Unported License (https://smart.servier.com/;
https://creativecommons.org/licenses/by/3.0/legalcode).

1.2 Pathophysiological implications of FGF23

1.2.1 FGF23 and genetic disorders of phosphate metabolism

Upon its discovery, FGF23 has been implicated in various diseases and pathological

conditions primarily defined by perturbations in phosphate homeostasis and bone metabolism
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[5, 56]. Primary FGF23-related hereditary diseases are either characterized by FGF23
hyperfunction due to excess production and/or increased biological activity or deficiency of
serum FGF23, respectively [56, 63, 115]. Furthermore, elevated serum FGF23 levels and
concomitant renal phosphate wasting as observed in primary non-hereditary disorders are
either acquired due to mesenchymal tumoral overproduction (as seen in TIO) [42] or
exaggerated bone remodeling (as seen in hypophosphatemic linear nevus sebaceous
syndrome) [6, 116]. Moreover, secondary excess in circulating FGF23 levels is observed in
various renal diseases including CKD [100, 101, 117-119] (as addressed in section 1.2.2),
autosomal dominant polycystic kidney disease (ADPKD) [120, 121], and acute kidney injury
(AKI) [39, 122, 123], but is also implicated in hepatic [124, 125] and pulmonary diseases [69,
126, 127]. Furthermore, elevated serum FGF23 levels are nowadays considered as a clinical
biomarker for the severity of various scenarios of acute and chronic illness including
inflammatory and cardiovascular diseases [115].

Gain-of-function missense mutations in the human FGF23 gene leading to resistance
to proteolytic inactivation of FGF23 are the causative factor for excess serum FGF23
concentrations in ADHR [41, 56, 63, 69]. Concomitantly, patients with ADHR display
hypophosphatemia, low serum levels of calcitriol, and osteomalacia [46, 128].

Elevations in serum FGF23 found in X-linked hypophosphatemia (XLH) are caused by
inactivating mutations in the gene encoding PHEX (phosphate regulating gene with
homologies to endopeptidases on the X chromosome) [56, 63, 129]. PHEX is a cell-surface-
bound zinc metalloproteinase primarily expressed in osteoblasts and osteocytes in bone, but
also found in teeth, muscles, lungs, and ovaries [63, 130, 131]. PHEX was initially suggested
to cleave FGF23, thus assuming that PHEX is a systemic regulator of circulating levels of
active FGF23 [6, 132]. However, instead of cleaving FGF23, PHEX rather appears to control
Fgf23 gene expression as it has been shown that Hyp mice — a Phex-deficient mouse
homologue of XLH — display upregulated Fgf23 mRNA transcript levels in bone [37, 133].
Nonetheless, it is still incompletely understood how loss-of-function mutations of PHEX are
translated into increased serum FGF23 levels and the consequential clinical features of XLH
including hypophosphatemic rickets, renal phosphate wasting, and calcitriol deficiency [56, 63,
133, 134].

Autosomal recessive hypophosphatemic rickets (ARHR) 1 is another hereditary
disorder characterized by primary excess of serum FGF23 levels due to homozygous loss-of-
function mutations in the dentin matrix acidic phosphoprotein-1 (DMP1) gene [6, 135, 136].
DMP1 is primarily expressed in bone cells (osteoblasts/osteocytes) and implicated to interact
with PHEX via an acidic serine aspartate-rich matrix extracellular phosphoglycoprotein
(MEPE)-associated motif (ASARM), thereby reducing osseous Fgf23 expression [6, 136, 137].

Whilst the exact molecular pathomechanisms underlying the clinical picture of ARHR1 remain
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to be elucidated [56, 62], the ablation of Dmp1 in Dmp1-null mice has been shown to result in
increased bone expression of Fgf23 accompanied by phenotypic aberrations resembling those
in XLH [135, 138].

In addition, the monogenic hypophosphatemic disorder ARHR2 is caused by loss-of-
function mutations in the gene encoding ectonucleotide pyrophosphatase/phosphodiesterase
family member 1 (ENPP1) [43, 139, 140]. ENPP1 is a transmembrane glycoprotein implicated
in the generation of extracellular pyrophosphate, a known inhibitor of hydroxyapatite crystal
deposition and bone calcification, respectively [69, 140, 141]. Hence, inactivating mutations in
ENPP1 result in low pyrophosphate levels and aberrant arterial calcifications [142], whereas
elevated FGF23 levels in ARHR2 are accompanied with ossification of posterior longitudinal
ligament [143]. Of note, a pathophysiological interrelation between extracellular matrix
pyrophosphate and increased Fgf23 bone expression has also been suggested in the context
of a mouse model for craniometaphysial dysplasia carrying a mutation in the gene encoding
the pyrophosphate transporter progressive ankylosis protein homologue (ANKH) [143, 144].

In contrast to the aforementioned hypophosphatemic diseases caused by elevated
serum FGF23 levels, patients with hyperphosphatemic familial tumoral calcinosis (HFTC)
display a primary deficiency of intact FGF23 in the serum [43, 56, 145]. It is reported that both
loss-of-function mutations in the gene encoding UDP-N-acetyl-a-D-galactosamine-polypeptide
N-acetylgalactosaminyltransferase 3 (GALNT3) or in the FGF23 gene are causative factors for
HFTC [145-148]. GALNT3 mediates post-translational O-glycosylation to FGF23 at
threonine'”® located in the SPC recognition sequence motif, thereby stabilizing and protecting
intact FGF23 from proteolytic degradation by furin-like proteases [47, 56, 149]. Inactivating
GALNT3 mutations consequently result in increased intracellular proteolysis of full-length
FGF23 and subsequent secretion of inactive C-terminal FGF23 fragments. This, in turn, fosters
hyperphosphatemia, elevations of serum calcitriol levels, and concomitant vascular and
ectopic calcifications [145, 146, 149].

1.2.2 FGF23 and chronic kidney disease (CKD)

CKD is considered as a global epidemic health burden affecting millions of patients
worldwide [150, 151]. The disease is characterized by progressive decline of kidney function
as defined by proteinuria and decreased glomerular filtration rate (GFR) (as classified into five
stages) due to chronical loss of functional nephron number caused by multiple factors including
hypertension, diabetes, obesity, and other primary renal disorders [5, 56, 92, 150-154]. CKD
is associated with poor clinical outcome as patients exhibit a markedly increased risk for end-
stage renal disease (ESRD) with the necessity of renal replacement therapy [150]. Moreover,

CKD is a well-known risk factor for cardiovascular morbidities such as LVH and
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arteriosclerosis, which contribute to the substantially elevated mortality in CKD patients [118,
155-158].

Accumulating evidence from clinical trials suggests that a surge in the serum FGF23
concentration is the earliest detectable biomarker of deteriorating kidney function in CKD [5,
92, 99-101, 119, 159]. In order to maintain phosphate homeostasis, FGF23 secretion is
increased prior to the onset of hyperphosphatemia and secondary HPT as an adaptive
response to decreased nephron number to ensure renal phosphate elimination [5, 64, 92, 100,
160]. As FGF23 levels dramatically rise up to 1000-fold with disease progression, active
vitamin D levels decrease whereas PTH levels concomitantly rise, eventually leading to
hyperphosphatemia and secondary HPT [56, 100, 115, 152, 161]. PTH overproduction further
stimulates excessive FGF23 formation and accentuates calcitriol deficiency in a vicious feed-
forward loop [56, 162—164]. Low calcitriol levels and the effort to maintain phosphate balance
by increasing PTH- and FGF23-mediated phosphaturia aggravates kidney damage and
involves suppression of renal a-Klotho expression, which, in turn, accounts for renal resistance
to FGF23 and its downstream phosphaturic signaling [5, 56, 152, 165, 166]. Additionally, CKD
patients are further reported to exhibit reduced parathyroid a-Klotho and FGFR1 expression
[167], indicating parathyroid resistance to FGF23 which may explain why PTH levels remain
elevated in secondary HPT and CKD despite severely high serum FGF23 concentrations [102,
103, 162, 168]. Ultimately, impaired kidney function in CKD results in progressive renal failure
as the increased demand for urinary phosphate elimination exceeds the excretory capacity of
remaining functional nephron mass [56, 106].

According to a multitude of clinical observations, an incremented circulating FGF23
level may not only serve as a sensitive biomarker for CKD progression [100, 101, 119, 163],
but is also implicated as a prognostic marker of increased mortality in dialysis-requiring CKD
patients [152, 156, 159, 169]. Moreover, FGF23 is suggested as a disease indicator for CKD-
related comorbidities including cardiovascular, inflammatory, and metabolic disorders [115,
152, 170]. In fact, compelling evidence from in vitro approaches, animal studies, and clinical
observations indicates that FGF23 induces pathologic cardiac remodeling, including LVH and
myocardial fibrosis (see section 1.1.3 for details), which are important mechanisms in the
pathogenesis of cardiovascular disease, a characteristic sequela of CKD [38, 47, 80, 108, 109,
118, 155]. Furthermore, current studies found positive associations between elevated systemic
FGF23 levels, body fat mass, adverse lipid metabolism, and obesity [115, 171-173], a hallmark
of the metabolic syndrome contributing to increased cardiovascular risk and CKD development
[153, 172, 174]. Given its emerging role as a putative biomarker for declining renal function in
CKD and cardiovascular risk [108, 152], it is of current scientific need to provide more detailed
insights into the regulatory mechanisms of FGF23 production and its implications in health and

pathophysiological processes.

11



Introduction

1.3 Regulation of FGF23 production

1.3.1 Systemic and local regulators of FGF23 synthesis

Within the scope of its central function as a phosphaturic hormone and its relevance in
several pathologic conditions, the regulation of FGF23 production has been a subject of
ongoing research since its discovery in the early 215t century [175, 176]. FGF23 formation is
controlled by a coordinated network of systemic and local bone-derived factors involving
regulatory mechanisms of FGF23/Fgf23 gene transcription as well as post-translational
modifications and processing [47, 63, 177].

With regard to its crucial role in Ca?* and phosphate homeostasis, systemic regulators
of FGF23 have been extensively examined in in vitro settings, animal studies, and clinical trials
[48, 49, 75-77, 100, 161-163]. As delineated in more detail in the previous sections, FGF23
release from bone is classically stimulated by high serum phosphate levels [177, 178], calcitriol
[75, 76], extracellular Ca?* [179—-181], and PTH [64, 87, 88] involving complex endocrine

feedback loops as depicted in Figure 4.

Phosphate C“a2+
FGF23
7’
PR\
- PTH ! T Calcitriol
I

Figure 4. Systemic regulators of FGF23. See text for details of FGF23 as a pivotal regulator of Ca?*
and phosphate homeostasis and the involvement of multifaceted endocrine feedback loops. Green lines
indicate stimulatory effects, red lines correspond to inhibitory effects. The dashed line refers to rather
conflicting data regarding the effect of FGF23 on PTH secretion especially in clinical settings of HPT
and CKD. Figure is adapted and modified according to [35, 63, 69, 75].

Although extracellular phosphate is reported to upregulate FGF23 mRNA expression
in human osteoblast-like bone cells [182], available data regarding the physiological regulation
of FGF23 secretion in response to dietary phosphate changes remain inconsistent [6]. In
particular, dietary phosphate loading has been shown to increase FGF23 synthesis, whereas
phosphate depletion appears to lower circulating FGF23 levels in healthy subjects [183-185].
In contrast, others demonstrated only modest changes or even no rapid postprandial regulation
of FGF23 after oral phosphate loading or deprivation [99, 186]. Those differing findings may

result from distinct study designs concerning the magnitude or duration of oral phosphate
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intervention and whether other nutrients (such as Ca?*) were modified in the study setting [183,
185]. It is thus difficult to discriminate the effects of oral phosphate intake from putatively more
determinant factors for FGF23 formation such as calcitriol and PTH [6, 177]. Of note, soluble
a-Klotho, the cleavage product of membrane-bound a-Klotho, has also been implicated as a
systemic stimulus for FGF23 production as it increases circulating FGF23 levels and elicits
hypophosphatemia in mice [187]. Conversely, Bar et al. (2018), recently identified insulin and
insulin-like growth factor 1 (IGF1) as systemic suppressors of FGF23 production, presumably
via activation of the phosphoinositide 3-kinase (PI13K)/protein kinase B (PKB)/Akt signaling
pathway and subsequent inhibition of the transcription factor forkhead box protein O1 (FOXO1)
[188].

Referring to section 1.2.1, the study of FGF23-related genetic diseases provides
molecular insight into the transcriptional and post-translational regulation of FGF23 [6, 63, 69].
In particular, FGF23/Fgf23 gene transcription is inhibited by the proteins PHEX [37, 133],
DMP1 [135-138], ENPP1 [139, 140], and ANKH [144]. Consequently, loss-of-function
mutations in the genes encoding these proteins lead to hypophosphatemic rickets,
incremented FGF23 levels, renal phosphate wasting, and calcitriol deficiency [136, 189].

Besides the transcriptional control of FGF23/Fgf23 gene expression, FGF23
homeostasis is regulated by post-translational processes [47]. Briefly, GALNT3-mediated O-
glycosylation at threonine'”® facilitates FGF23 stabilization and ensures proteolytic protection
of intact FGF23 [47, 56, 149]. Vice versa, phosphorylation at serine'® by the serine/threonine
protein kinase family with sequence similarity-20 member C (FAM20C) impedes O-
glycosylation and thus promotes proteolytic cleavage and inactivation of FGF23 by furin-like
proteases [189-191]. A regulated balance between FGF23/Fgf23 transcription, post-
translational modifications, and cleavage is crucial as deleterious mutations in GALNT3 result
in hyperphosphatemia owing to low intact FGF23 levels as seen in HFTC [145, 146], whereas
FAM20C mutations are causative for aberrant elevations of full-length biologically active
FGF23 as apparent in the hypophosphatemic disease ARHR3 [192]. Interestingly, Takashi et
al. (2019) recently showed that the increase of serum intact FGF23 in high phosphate diet-fed
mice is not attributed to inductions of bone Fgf23 expression but of reduced proteolytic
degradation of biologically active FGF23 according to enhanced femoral Galnt3 expression
[193]. Moreover, in vitro approaches using IDG-SW3 osteocyte-like cells revealed that calcitriol
administered in the presence of physiological phosphate concentrations induces Fgf23 and
Galnt3 gene expression, but also increases the mRNA expression of negative regulators of
Fgf23 transcription, namely Dmp1, Phex, and Enpp1 [194]. These findings demonstrate the
complex interdependent interactions between local and systemic regulators involved in the
transcriptional and post-translational control of FGF23 homeostasis and associated negative

feedback loops [69, 194]. In respect of distinct pathologic conditions causing either alterations
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in FGF23 transcription and/or FGF23 cleavage, it is thus of higher significance to better assess
the ratio of intact:C-terminal FGF23 fragments than detecting only one FGF23 form by using
either a C-terminal or intact FGF23 assay [189].

During the last years, a growing number of other determinants of FGF23 regulation
have been identified. In particular, recent publications provide evidence that components of
the renin-angiotensin-aldosterone system, namely angiotensin Il and aldosterone, lead to the
induction of Fgf23 mRNA expression in cardiac myocytes [195], whereas aldosterone also
induces Fgf23 transcription in osteoblasts [196]. Moreover, iron deficiency [197, 198], hypoxia
via activation of the transcription factor hypoxia-inducible factor-1a (HIF-1a) [199],
erythropoietin (EPO) [200, 201], circadian profile-associated sympathetic activation [202],
leptin [203, 204], cadmium [205, 206], and lithium [207, 208] have further been linked to

increased FGF23 formation in bone.

1.3.2 Inflammation as a stimulator of FGF23 formation

Evidence from numerous clinical and epidemiological studies indicates strong positive
associations between elevated serum FGF23 concentrations and increased levels of systemic
markers of inflammation such as CRP, IL-6, and TNFa in several inflammatory diseases
including CKD [209, 210], inflammatory bowel diseases [211], and rheumatoid arthritis [212].
In this regard, a wide range of inflammation-related mediators including the pro-inflammatory
cytokines TNFa, IL-6, IL-1B, bacterial lipopolysaccharide (LPS), and advanced glycation end
products (AGEs) have been shown to be major triggers of osseous FGF23 synthesis and
secretion in vitro and in mice models of acute inflammation and CKD [36, 197, 213, 214]. Vice
versa, FGF23 itself induces pro-inflammatory cytokine production from hepatocytes,
cardiomyocytes, and immune cells, thereby promoting a vicious cycle of amplifying systemic
inflammation and exaggerated FGF23 formation as seen in the aforementioned pathologies
[47, 81, 83, 175, 195]. Of note, FGF23-associated chronic inflammation has a broad clinical
impact as it is a well-established determinant for the increased risk of cardiovascular morbidity
and mortality in patients with CKD [47, 155, 215].

The underlying mechanisms by which inflammation regulates FGF23 synthesis are not
fully understood, yet multiple reports suggest the involvement of complex interactions between
systemic and local factors triggering FGF23 production [36, 69, 112, 216]. According to
numerous studies utilizing different cell types, the induction of Fgf23 gene expression in
response to inflammatory stimuli, including TNFa and IL-1p3, essentially requires the activation
of nuclear factor-kappa B (NF-kB) [36, 112, 214], a pivotal transcription factor regulating the
expression of a wide range of pro-inflammatory genes such as TNFa, IL-6, and IL-1B [215,

217, 218]. Interestingly, p38MAPK, a known inducer of NF-kB transcriptional activity [219], has
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recently been demonstrated to participate in the stimulatory effect of NF-kB on FGF23
synthesis [220]. Ito et al. (2015) further showed that the increase in Fgf23 mRNA expression
mediated by TNFa and IL-18 is paralleled by concomitant suppression of negative
transcriptional regulators of Fgf23, namely Phex, Dmp1, and Enpp1 [36]. Moreover,
calcineurin-NFAT signaling, which is also implicated in FGF23-driven LVH [108], has been
demonstrated as another pathway linking inflammation to enhanced FGF23 formation [216,
221-223].

Inflammation is known to induce iron sequestration in the reticulo-endothelial system
(e.g., in terms of infections), thereby eliciting functional iron deficiency [189]. Inflammation and
related functional iron deficiency, both commonly occuring in CKD [189, 224], are suggested
to increase Fgf23 mRNA expression and concomitant secretion of C-terminal FGF23 via HIF-

1a activation and subsequent upregulation of EPO [189, 197, 225].

1.3.3 The role of store-operated Ca?* entry (SOCE) in the regulation of FGF23

Emerging evidence from multiple investigations indicates a putative sensitivity of
FGF23 formation not only to dietary/extracellular Ca?* [179-181] but also to intracellular Ca?*
signaling [196, 207, 226, 227]. Ca?* acts as an ubiquitous intracellular messenger involved in
the regulation of versatile cellular functions and signaling pathways including muscle
contraction, exo- and endocytos, cell survival/death, and gene expression [228]. Thus, the
intracellular Ca?* concentration has to be tightly controlled and is kept approximately 10* times
lower than in the extracellular milieu [228, 229]. Maintenance of low resting cytosolic Ca?
concentrations is ensured by extracellular directed Ca?* efflux accomplished by the plasma
membrane located Ca?*-adenosine triphosphate (ATP)ase and the Na*/Ca?* exchanger (NCX)
[228—230]. Additionally, Ca?* removal from the cytosol into intracellular stores, particularly the
endoplasmic/sarcoplasmic reticulum (ER/SR) or lysosomes, is mediated by the
sarco/endoplasmic reticulum Ca?-ATPase (SERCA) [228, 229, 231]. Numerous physiological
agonists (e.g., histamine or thrombin in endothelial cells [232]) are capable to elicit receptor-
mediated activation of PLCy and subsequent generation of the second messenger molecules
inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) [231]. Binding of IP3 to IPs-receptor
(IPsR) channels located in the ER-membrane causes Ca?* release from the ER into the cytosol
and leads to translocation of stromal interaction molecule 1 (STIM1), a single pass
transmembrane protein sensing ER Ca?* depletion, to the plasma membrane where it activates
Orai1, a key pore subunit of the Ca?* release-activated Ca?* (CRAC) channel [228, 231, 233,
234]. The resultant cytosolic Ca?* influx triggered upon intracellular Ca?* store depletion is
referred to as store-operated Ca?* entry (SOCE) [228, 231]. In addition to CRAC channels
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formed by Orai1 subunits, the cation permeable SOC channels consisting of Orai1 and
transient receptor potential canonical 1 (TRPC1) proteins are also implicated in SOCE [229].

Zhang et al. (2016) were the first who identified SOCE as an essential mechanism in
the regulation of FGF23 formation [226], as depicted in Figure 5. In particular, stimulation of
SOCE mimicked by the Ca?* ionophore ionomycin was shown to enhance Fgf23 transcript
levels in rat UMR106 osteoblastic cells, an effect disrupted by pharmacological inhibition of
SOCE and small interfering RNA (siRNA)-mediated gene silencing of Orai1 [64, 226]. Zhang
and colleagues (2016) further demonstrated that inhibition of the pro-inflammatory transcription
factor NF-kB attenuates SOCE and concomitantly suppresses Fgf23 gene expression [226],
underlining a decisive stimulatory role of NF-kB in the regulation of FGF23 synthesis. Notably,
the stimulatory effects of lithium [207], aldosterone [196], and transforming growth factor
(TGF)-p2 [227] on FGF23 formation have also been shown to be mediated via Orai1-sensitive
SOCE (Figure 5).
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Figure 5. Tentative scheme illustrating SOCE as a pivotal mechanism regulating Fgf23 gene
expression. See text for details of the proposed role of SOCE in the transcriptional control of Fgf23 and
the putative involvement of the transcription factors NF-kB and NFAT. Figure is in accordance with [36,
196, 207, 221, 222, 226, 227, 229, 231, 235] and was created with images adapted and modified from
Servier Medical Art by Servier licensed under a Creative Commons Attribution 3.0 Unported License
(https://smart.servier.com/; https://creativecommons.org/licenses/by/3.0/legalcode).

Orai1-driven Ca?* entry in T lymphocytes triggers calmodulin (CaM)-mediated
activation of calcineurin, which, in turn, dephosphorylates cytoplasmic NFAT, exposing its
translocation into the nucleus where it functions as a transcription factor for genes involved in
cytokine production or cell proliferation [235]. Interestingly, inhibition of the calcineurin-
dependent activation of NFAT decreased Fgf23 transcript levels and protein production in

UMR106 cells, pointing to a stimulating effect of the calcineurin-NFAT pathway on FGF23
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synthesis [221]. However, a comprehensive understanding of the detailed molecular
mechanisms underlying the regulation of SOCE-mediated FGF23 formation remains to be
defined. Regarding the significance of FGF23 not only as a major regulator of phosphate
homeostasis but also being involved in various aforementioned pathologies, it is thus of
scientific need to elucidate novel regulators of Orai1-mediated SOCE and its impact on the

regulation of FGF23 production.

1.3.4 SOCE and AMP-activated protein kinase (AMPK)

The 5’-adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a
heterotrimeric serine/threonine protein kinase expressed in all eukaryotes and consists of
catalytic a (a1 or a2) and regulatory B (B1 or B2) and y (y1, y2, or y3) subunits [236, 237].
AMPK is considered as a key regulator of cellular energy status as it is activated in states of
energy deprivation during metabolic stress by sensing increments in intracellular AMP/ATP
and adenosine diphosphate (ADP)/ATP ratios [237, 238]. Induction of AMPK activity thereby
serves to conserve cellular energy by stimulating ATP-providing catabolic pathways such as
cellular glucose uptake, glycolysis, and fatty acid oxidation [236, 238-241], whereas
biosynthetic anabolic processes including gluconeogenesis, protein-, fatty acid-, and glycogen
synthesis are inhibited in response to AMPK activation [238, 242, 243].

As delineated in more detail in Paper 3 (see section 3.3), canonical (nucleotide-
dependent) activation of AMPK involves AMP or ADP binding to the y subunit and subsequent
liver kinase B1 (LKB1)-mediated phosphorylation of the a subunit’s kinase domain at
threonine'”? [237, 238, 244-246]. In addition, non-canonical (nucleotide-independent)
regulation of AMPK activity comprises phosphorylation of threonine'’? by Ca?*/calmodulin-
dependent protein kinase kinase B (CaMKKJ) which is activated in response to increases in
intracellular Ca?* levels caused by Ca?* release from intracellular stores [237, 238, 247].
Hence, this alternate Ca?*-dependent pathway mediates transient activation of AMPK by
hormonal stimuli [236—238] including thrombin in endothelial cells [248, 249] or ghrelin in
neuronal cells [250]. Along those lines, AMPK appears to be a key player in a negative
feedback mechanism regulating cytosolic Ca®* activity in endothelial cells [249]. In detail,
Sundivakkam et al. (2013) showed that SOCE triggers CaMKKp-mediated AMPK activation,
which, in turn, results in phosphorylation of ER-localized STIM1 and subsequent inhibition of
SOCE [249]. In view of the fact that Orai1-sensitive SOCE has been verified as an important
mechanism in the regulation of FGF23 formation [196, 207, 226, 227], it has, however, not
been explored so far whether AMPK potentially affects SOCE-dependent FGF23 production.
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2  Objective of this study

Initially discovered as a causative factor for renal phosphate wasting in rare forms of
hypophosphatemic rickets, FGF23 has emerged as a major regulator of phosphate
homeostasis and vitamin D metabolism [47, 63, 175]. Over the last two decades, a myriad of
experimental studies and clinical investigations yielded decisive insights into the versatile
actions of FGF23 in health and disease settings, particularly in the pathogenesis of CKD and
its related comorbidities including cardiovascular, inflammatory, and metabolic disorders [47,
115, 152, 175]. Despite extensive ongoing research, the current understanding of the complex
network of endocrine feedback loops as well as the interaction of systemic and local factors
involved in the regulation of FGF23 synthesis is, however, still incomplete. Therefore, this
thesis aimed to elucidate novel regulators of FGF23 production and to identify the underlying
cellular and molecular mechanisms involved. Characterizing hitherto unknown determinants of
FGF23 synthesis will thus provide a more comprehensive understanding of FGF23 regulation,
which may be important for the development of new therapeutic strategies targeting aberrated

FGF23 production in pathologies such as CKD and associated diseases.

Paper 1

As outlined in the previous sections, inflammation, particularly the pro-inflammatory
cytokine TNFa, is a major trigger of FGF23 formation and markedly important in the pathology
of CKD [36, 209, 210]. Moreover, it is well established that the accumulation of excess body
fat in obesity, owing to a sedentary life style and an immoderate intake of energy-dense diets
rich in fats, is accompanied by chronic low-grade systemic inflammation [251, 252]. In this

regard, the first study presented in this thesis sought to address the following question:

1) What is the relevance of high-fat diet (HFD)-induced inflammation on FGF23
production?

Among other pro-inflammatory cytokines, TNFa is a critical factor for the
development of low-grade inflammation associated with obesity, a hallmark of the
metabolic syndrome [251-254]. Accordingly, the role of TNFa in the context of
HFD-mediated FGF23 formation was examined in an animal study. To this end,
HFD feeding was performed in TNFa-deficient (tnf”~) and in age- and sex-matched
wild-type (tnf**) mice (C57BL/6 mouse strain). Serum and tissue specimen were
subjected to subsequent analysis. Furthermore, rat UMR106 osteoblast-like cells,
an osteosarcoma cell line endogenously expressing FGF23 [75], were used to

assess the impact of TNFa on Fgf23 gene expression in vitro.
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Paper 2

Whilst Paper 1 was concerned with the putative role of HFD-associated inflammation
in FGF23 synthesis in conditions of nutritional energy excess, the purpose of Paper 2 was to
elaborate on the underlying mechanisms of FGF23 regulation in terms of energy deficiency as
determined by studying the role of the intracellular energy sensor AMPK [236] in the regulation

of FGF23 formation. To this end, the following question was addressed:

) What is the impact of AMPK in the regulation of FGF23 synthesis and what
are the underlying mechanisms involved?

AMPK is ubiquitously expressed in eukaryotic cells [236, 237], whereas FGF23
is mainly produced by osteoblasts and osteocytes [36, 75]. Hence, cell culture
experiments were carried out in rat UMR106 osteoblast-like cells, whereas AMPK
activation and/or inhibtion was attained by pharmacological manipulation or siRNA-
mediated gene silencing. Given that Orai1-mediated SOCE is critical for regulating
Fgf23 gene expression [226], it was further explored whether AMPK participates in
this signaling pathway. A next series of experiments aimed to explore the role of
AMPK in the regulation of FGF23 in an animal model using AMPKa1-deficient
(ampk™) and sex- and age-matched wild-type (ampk**) mice. Serum and tissue
specimen as well as renal function parameters were characterized utilizing versatile

analytical methods.

Paper 3

AMPK functions not only as a pivotal regulator of energy homeostasis being activated
in low energy states [236], but is also implicated in kidney function and renal pathophysiology,
particularly in CKD [255, 256]. Conceived as a systematic review, Paper 3 comprehensively
explored recent data regarding the mechanistic insights of AMPK-dependent regulation of
renal tubular transport as emphasized on physiological and pathophysiological implications.
Given that the kidney represents the major target organ of FGF23 and in light of a putative role

of AMPK on FGF23 synthesis, the following question was subject for subsequent discussion:

1)} Is there a possible interrelation between AMPK and FGF23 concerning the
homeostatic regulation of renal mineral handling?
In this view, renal function parameters of ampk™ and ampk** mice obtained

from Paper 2 were reconsidered in the discussion of this thesis.
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3.1 Paper 1: A high-fat diet stimulates fibroblast growth factor 23

formation in mice through TNFa upregulation

Glosse, P.; Fajol, A.; Hirche, F.; Feger, M.; Voelkl, J.; Lang, F.; Stangl, G.I.; Féller, M. A high-
fat diet stimulates fibroblast growth factor 23 formation in mice through TNFa upregulation.
Nutr Diabetes 2018, 8, 36, DOI: 10.1038/s41387-018-0037-x.
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ARTICLE Open Access

A high-fat diet stimulates fibroblast growth
factor 23 formation in mice through TNFa
upregulation

Philipp Glosse', Abul Fajol*?, Frank Hirche', Martina Feger', Jakob Voelk’, Florian Lang®,
Gabriele . Stangl' and Michael Foller'

Abstract

Background/objectives: Bone-derived fibroblast growth factor 23 (FGF23) is a hormone that suppresses renal
phosphate reabsorption and calcitriol (i.e, 1,25(0H),D;) formation together with its co-receptor Klotho. FGF23- or
Klotho-deficient mice suffer from rapid aging with multiple age-associated diseases, at least in part due to massive
calcification, FGF23 is considered as a disease biomarker since elevated plasma levels are observed early in patients
with acute and chronic disorders including renal, cardiovascular, inflammatory, and metabolic diseases. An energy-
dense diet, which induces sequelae of the metabolic syndrome in humans and mice at least in part by enhancing pro-

(tnf*’*) and TNFa-deficient (tnf~'™) mice.

formation.

inflammatory TNFa formation, has recently been demonstrated to stimulate FGF23 production.

Methods: We investigated the relevance of TNFa for high-fat diet (HFD)-induced FGF23 formation in wild-type

Results: Within 3 weeks, HFD feeding resulted in a strong increase in the serum FGF23 level in tnf*'* mice. Moreover,
it caused low-grade inflammation as evident from a surge in hepatic Tnfa transcript levels. TNFa stimulated Fgf23
transcription in UMR106 osteoblast-like cells. Serum FGF23 was significantly lower in tnf~'~ mice compared to tnf*’*
mice following HFD. Serum phosphate and calcitriol were not significantly affected by genotype or diet.

Conclusions: We show that HFD feeding is a powerful stimulator of murine FGF23 production through TNFa

Introduction

The hormone fibroblast growth factor 23 (FGF23) is
mainly produced by osteoblasts and osteocytes in the
bone'. Its renal effects include inhibition of phosphate
reabsorption and calcitriol formation" . Calcitriol is the
biologically active form of vitamin D. The renal effects of
FGF23 are mediated by a receptor which requires the
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protein a-Klotho (referred to as Klotho in the following)
as an obligatory co-receptor’.

Klotho was originally discovered in 1997 as an anti-
aging protein®~°, Klotho-deficient mice have an extremely
short life span of a few weeks only and exhibit many
disorders associated with aging in humans®, FGF23-
deficient mice have a similar phenotype®. Both mouse
strains suffer from drastically elevated plasma levels of
phosphate and calcitriol due to the primary renal effect of
FGF23 and Klotho. Importantly, the premature aging of
Klotho- or FGF23-deficient mice is also a direct or
indirect consequence of the hyperphosphatemia of the

Open Access This article is licensed under a Creative Commons Attribution 40 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commens license, unless indicated otherwise in a credit line to the material If
material is not induded in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder, To view a copy of this license, visit http/creativecommons org/licenses/by/4.0/.
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mice since maintaining them on a low phosphate or low
vitamin D diet normalizes their life span’.

A high plasma FGF23 level has been found in patients
with various acute and chronic disorders including renal
(acute kidney injury, chronic kidney disease), cardiovascular
(coronary heart disease, myocardial infarction, atrial fibril-
lation), inflammatory, and metabolic diseases®, The role of
FGF23 in chronic kidney disease is established best: Plasma
FGF23 is elevated before a marked decrease of glomerular
filtration rate (GFR), and it exhibits a strong positive cor-
relation with mortality, hypertrophy of the left ventricle, and
disease progression’. Therefore, it is presently being con-
sidered as a valuable disease biomarker. However, it is yet
incompletely understood whether and to which extent
FGF23 contributes to pathophysiological processes rather
than merely indicating them. At least, FGF23 has been
shown to induce hypertrophy of the left ventricle inde-
pendently of Klotho'”.

Recently, inflammation has been shown to be a major
trigger of FGF23 formation'''*, In line with this, pro-
inflammatory cytokines including TNFa induce FGF23
production'”.

Metabolic syndrome is characterized by hypertension,
glucose intolerance, dyslipidemia, as well as obesity, and
affects millions of patients world-wide and represents a
significant health burden particularly in industrialized
countries'®, Although the complex pathophysiological
processes have not yet been uncovered completely, it is
clear that an imbalance between caloric needs and intake
is the predominant factor. In mice, a diet rich in fats
(high-fat diet (HFD)) induces metabolic syndrome'”~%,
Low-grade inflammation associated with metabolic syn-
drome is relevant especially for the development of glu-
cose intolerance®. In this respect, pro-inflammatory
cytokines derived from adipose tissue or the liver are a
major source of inflammation in metabolic syndrome.
Among those cytokines, TNFa has been found to play a
predominant role”’. Interestingly, an energy-dense diet
has recently been demonstrated to upregulate the pro-
duction of FGF23 in rats*.

Here, we sought to define the role of metabolic
syndrome-associated TNFa production in HFD-induced
FGF23 formation.

Materials and methods
Animals and treatments

All animal experiments were conducted according to
the German law for the welfare of animals and were
approved by the authorities of the state of Saxony-Anhalt.
Experiments were performed in TNFa-deficient (tnf /")
mice (from The Jackson Laboratory, Sulzfeld, Germany;
Stock No: 005540; the generation and genotyping is
available on the website of The Jackson laboratory) and in
age- and sex-matched wild-type mice (tnf"’'") fed a
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control diet (Ssniff, Soest, Germany; standard diet for
maintenance V1534).

At the age of 8-10 weeks, the mice were fed a HFD
containing 70% kcal from fat (Altromin, Lage, Germany;
C1090-70) for 3 weeks, and the body weight was recorded
weekly. The animals had free access to food and tap water.
Serum was taken before and on the last day of the treat-
ment. The exact number of mice and the number of
replications is provided in the figure legends. For all
animal experiments, no randomization was used, no
blinding was done, and no statistical test was applied to
estimate the sample size.

Serum parameters

To obtain blood specimens, the animals were lightly
anesthetized with ether, and blood was drawn into
heparinized capillaries by puncturing the retro-orbital
plexus. Since the entire procedure takes less than a min-
ute, it is unlikely to have a significant impact on our study.
Serum concentrations of intact FGF23 and calcitriol were
determined by ELISA kits (Immutopics, San Clemente,
CA, USA; IDS, Frankfurt am Main, Germany). Inorganic
phosphate was measured by a photometric method (Bio-
con” Diagnostik, Vohl/Marienhagen, Germany).

Tissue collection and quantification of liver and adipose
tissue Tnfa mRNA expression

For the determination of Thfa mRNA abundance, total
RNA was extracted from the liver and gonadal adipose
tissue using the peqGold Trifast™ reagent (Peqlab, Erlan-
gen, Germany) according to the manufacturer’s protocol.
The RNA integrity was assessed by agarose gel electro-
phoresis and the RNA purity by measurement of the
optical density at 260 and 280 nm. Single-strand ¢DNA
was synthesized from 1.2 pg of total RNA at 42 °C for 60
min by use of the RevertAid™ M-MuLV Reverse Tran-
scriptase (MBI Fermentas, St. Leon-Rot, Germany) and
oligo dT18 primers (Eurofins MWG Operon, Ebersberg,
Germany). The mRNA expression level was determined
by real-time polymerase chain reaction (RT-PCR) with
the Rotor-Gene 6000 system (Corbett Research, Mortlake,
Australia) using 2l ¢cDNA templates, SYBR™ Green I
(Sigma-Aldrich, Mitinchen, Germany), 1.25U Taq DNA
polymerase (Promega, Mannheim, Germany), 500uM
dNTP (Ares Bioscience, Kéln, Germany), and 13.3 pmol
of a primer pair specific for Thfa (NM_013693.2; forward
5-AGT CCG GGC AGG TCT ACT TT-3, reverse 5'-
GGT CAC TGT CCC AGC ATC TT-3'). The Tnfa
expression was normalized to the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (Gapdh, for-
ward 5'-AAC GAC CCC TTC ATT GAC-3', reverse 5'-
TCC ACG ACA TAC TCA GCA C-3') (in liver) or 18§
(forward 5'-GGG AGC CTG AGA AAC GGC-3/, reverse
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5-GGG TCG GGA GTG GGT AAT TT-3') (in adipose
tissue) using the AACt method.

Cell culture

Cell culture was performed as previously described™.
Briefly, UMR106 rat osteosarcoma cells (ATCC, Mana-
ssas, VA, USA) were cultured in DMEM high glucose
medium (Gibco, Grand Island, NY, USA) supplemented
with 10% FCS (Gibco) and 100 U/ml penicillin/100 pg/ml
streptomycin (Gibco) under standard culture conditions.
After 24 h, the cells were treated with or without TNFa«
(Sigma-Aldrich) for different periods.

Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from the cells using Trifast
reagent (Peglab) according to the manufacturer’s
instructions. Messenger RNA was transcribed with
GoScript™ Reverse Transcription System (Promega) using
1.2 pg of total RNA and random primers. For gqRT-PCR
analysis, the final volume of the qRT-PCR reaction mix-
ture was 20 pl and contained: 2 pl ¢cDNA, 0.5-1 uM of a
primer pair specific for rat Fgf23 (forward 5'-
TAGAGCCTATTCAGACACTTC-3, reverse 5'-CATCA
GGGCACTGTAGATAG-3') or the housekeeping gene
TATA box-binding protein (Thp, forward 5'-ACTCCT
GCCACACCAGCC-3', reverse 5'-GGTCAAGTTTACA
GCCAAGATTCA-3'), 10 ul GoTaq® qPCR Master Mix
(Promega), and sterile water up to 20 ul. PCR conditions
were 95 °C for 3 min, followed by 40 cycles of 95 °C for 10
s, 57 °C for 30, and 72 °C for 30 s. Quantitative RT-PCR
was performed on a Rotor-Gene Q (QIAGEN, Hilden,
Germany).

Statistics

Data are provided as means + SEM, n represents the
number of independent experiments or number of mice
per group, respectively. All data were tested for sig-
nificance using the tests indicated in the figure legends.
For serum FGF23, normal distribution was assumed. The
data meet the assumptions of the respective tests. Var-
iance was similar between the groups apart from the data
in Fig. 2B and Fig. 4E. Therefore, Welch'’s correction was
applied in these cases. Only results with p <0.05 were
considered statistically significant.

Results

At the age of 8-10 weeks, we started to feed wild-type
mice (tnf™'") a HFD ad libitum for 3 weeks. Similar to
what has recently been demonstrated in rats*, the HFD
caused a strong increase (by almost four times) in the
serum intact FGF23 level (Fig. 1).

HFD feeding and subsequent adipose tissue accumula-
tion are associated with subclinical inflammation and the
generation of the key pro-inflammatory cytokine TNFa.
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Fig. 1 High-fat-diet-induced increase in the serum FGF23
concentration in tnf''" mice. Arithmetic means + SEM of the serum
intact FGF23 concentration (n = 3 mice, no replication) in tnf™" mice
before (control) and after 3 weeks of feeding a high-fat diet (HFD); **p
<001 (paired, two-tailed t-test)

Hence, we found that feeding HFD indeed resulted in a
significant increase in liver Tnfa mRNA expression levels
(Fig. 2A) in tnf'’" mice pointing to HFD-associated low-
grade inflammation. Moreover, also adipose tissue Tnfa
mRNA expression levels (Fig. 2B) tended to be higher in
tnf"'" mice on HFD, a difference, almost reaching sta-
tistical significance (p = 0.106).

Next, we carried out cell culture experiments with
UMR106 osteoblast-like cells to test whether TNFa is
capable of stimulating FGF23 production as has been
shown for IDG-SW3 cells'®. According to Fig. 3a, a 24 h
incubation with TNFa resulted in a dose-dependent
upregulation of Fgf23 mRNA transcript levels in
UMRI106 cells with significance at 5 and 10 ng/ml TNFa.
The time dependence for the effect of 5ng/ml TNFa is
illustrated in Fig. 3B.

Our last series of experiments explored whether the
HFD-induced FGF23 production is dependent on TNFa
formation. To this end, we compared tnf™’" mice with
tnf~’~ mice. On control diet, the serum intact FGF23
concentration was not significantly different between
tnf™’" mice and tnf ™'~ mice (Fig. 4A). However, after
3 weeks of feeding the HFD, the serum intact FGF23 level
was significantly different between the genotypes being
nearly 50% lower in tnf '~ mice compared to tnf" "+ mice
(Fig. 4A). Serum calcitriol was not significantly different
between tnf '~ and tnf"’* mice on either control or HFD,
but was significantly lower in a group of HFD-fed mice
compared to mice on control diet (Fig. 4B). Similarly, the
serum phosphate concentration was not significantly
affected by neither genotype nor diet (Fig. 4C). On control
diet, no significant difference between the body weight of
tnf"’* mice and tnf /™ mice could be observed (Fig. 4D).
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Fig. 2 High-fat-diet-induced increase in liver Tnfa transcript levels in tnf™™ mice. Arithmetic means + SEM (n=7 mice per group, one
replication) of relative hepatic (A; unpaired, two-tailed t-test) and adipose tissue (AT). (B; unpaired, two-tailed t-test with Welch's correction) Tnfa
mRNA abundance (relative to Gapdh or 185 mRNA) in tnf** mice on control diet and on high-fat diet (HFD) for 3 weeks. *p <005
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However, the HFD resulted in significantly stronger
weight gain in tnf"’" mice than in tnf’~ mice
(Fig. 4D, E).

Discussion

According to our study, the stimulatory effect of a HFD
on FGF23 formation was significantly blunted in gene-
targeted mice devoid of pro-inflammatory TNFa (tnf ).
This result suggests that a HFD stimulates FGF23 pro-
duction in large part by inducing low-grade inflammation.

It is well established that energy-dense diets including a
HFD favor the development of metabolic syndrome
characterized by insulin resistance, dyslipidemia, obesity,
and hypertension®" **. This pathophysiological condition
is associated with systemic low-grade inflammation. In
particular, a pivotal role for the pro-inflammatory
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cytokine TNFa in the development of obesity-induced
insulin resistance has been demonstrated”’.

Inflammation has emerged as a powerful factor driving
FGF23 production''. Our study demonstrates that TNFa
upregulated Fgf23 transcript levels in UMRI106
osteosarcoma-like cells. Importantly, TNFa is effective
through transcription factor NEF-kB'” and in line with this,
NF-xB has also been demonstrated to enhance
FGF23 synthesis'".

Elevated serum FGF23 concentrations are observed in
acute and chronic renal, metabolic, and cardiovascular
diseases®. Most of these clinical conditions are associated
with inflammation. Therefore, similar to HFD feeding,
these disorders may at least in part be effective in sti-
mulating FGF23 production by enhancing the production
of pro-inflammatory cytokines.



Publications

Glosse et al. Nutrition and Diabetes (2018)8:36 Page 5 of 6

1
J

A B
1000+
g e o
° 800+ U
= 5
0 = 6004 e 5 _ 2004 1=
g E i % 5
o8 S g o
IL — 400+ E S
H
§ - § 1001 T
*0 T m
0- 04
control HFD control HFD
G D E
4- 81 (onl” 15+
- —
24 |- tnf : 3
@ e I e,
-— 34 R
© - c 104
- = = 55 f%’/’% §10 T
83 z o -
£ E 2- 2 - S
£ @ 204 ‘D
£ = S %\ A 2 54 "
= /'J_ A
& 1 18 %——/% 3
e 15 T T T T 0-
control HFD 0 1 2 3 HFD
weeks on HFD
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On control diet, the serum concentration of intact
FGF23 was not significantly different between tnf*'* mice
and tnf '~ mice although a tendency toward lower FGF23
in tnf '~ mice was apparent. A pro-inflammatory milieu
in HFD-treated animals, however, resulted in strong
TNFa-dependent FGF23 generation.

Since an increase in serum FGF23 has been observed
very early in some chronic disorders including chronic
kidney disease, FGF23 has been suggested as a bio-
marker”’. According to our results, an increase in serum
FGF23 by almost four times was observed after 3 weeks of
HED feeding, a relatively short period as evident from a
moderate increase in total body weight by only some 10%
in tnf'’" mice. Therefore, lower FGF23 may also indicate
a better metabolic profile of an individual.

A major effect of FGF23 is the inhibition of renal cal-
citriol formation thereby lowering the serum calcitriol
concentration'. Flevated FGF23 formation in HFD-fed

Mutrition and Diabetes

mice could therefore be expected to decrease the serum
calcitriol concentration. We did not, however, observe a
significant difference in the serum calcitriol between the
genotypes, although a tendency toward higher values in
tnf~'~ mice was obvious.

Taken together, our study demonstrates that a HFD
stimulates FGF23 production at least in part by inducing
TNFa formation.
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regulating renal phosphate transpert and vitamin D produced by ostencytes in bone. Being a classical hor-
metabolism as well as inducing left heart hypertrophy. mone, FGFE23 acts on target organs to which it travels
FGF23-deficient mice suffer from severe tissue calcification,  via the bloodstream.”” An important target is the kidney
accelerated aging and a myriad of aging-associated where FGF23 inhihits phosphate transporter WaPi-Tla and
diseases. Bone cells produce FGF23 upon store-operated Oyp27hT expression, the gene coding the key enzyme for the
calcium ion entry (SOCE) through the calcium selective ion synthesis of calatriol or 1,23(0H),D, the active form of
channel Orail. AMP-activated kinase (AMPK) is a powerful vitamin D7 Thus, FGE23 lowers the plasma phosphate
energy sensor helping cells survive states of energy and calcitriol concentration. FGF23 also acts on the heart,
deficiency, and AMPK down-regulates Orail. Here we inducing hypertrophy of the lefl ventricle.” The renal receplor
investigated the role of AMPK in FGF23 production. Fgf23 for FGGF23 depends on the protein Klotho as a mreceplm."'?
gene transcription was analyzed by gqRT-PCR and SOCE by  whereas the cardiac receptor does not.” Membrane-bound

Fibroblast growth factor 23 (FGF23) is a protechormone F ibroblast growth [aclor 23 (BCF23) is a prolein mainly

flucrescence optics in UMR106 ostecblast-like cells while Klotho has an extracellular domain that can be cleaved off,
the serum FGF23 concentration and phosphate metabolism  yielding soluble Klotho. Soluble Klotho can be found in the
were assessed in AMPKa1-knockout and wild-type mice. blood, n unne, and in cerdbrospinal Muid and cxerls
The AMPK activator, 5-aminoimidazole-4-carboxamide hormone-like effects.”

ribonuclectide (AICAR) down-regulated, whereas the AMPK The significance of FGF23 and Klotho goes far beyond the
inhikitor, dorsomorphin dihydrochloride {compound C) regulation of phosphate metabolism. FGF23- or Klotho-
and AMPK gene silencing induced Fgf23 transcription. deficient mice have a very short lite span and exhibit a wide

AICAR decreased membrane abundance of Orail and SOCE.  range ol aging-associaled [ealures thal are also lypical of aging
SOCE inhikitors lowered Fgf23 gene expression induced by humans including mwscle, skin, neuronal, metabolic, and

AMPK inhibition. AMPKa 1-knockout mice had a higher cardiovascular abnormalities.” " Massive calcification can he
serum FGF23 concentration compared to wild-type mice. found in most tissues and otgans of IGE23- or Klotho-
Thus, AMPK participates in the regulation of FGF23 deficient mice and is the result of deranged phosphate
production in vitro and in vivo. The inhibitory effect of melabolism. Conscquently, a low vilamin 1 or low phosphale
AMPK on FGF23 production is at least in part mediated by diet attenuates or even prevents calcification, premature
Orail-involving SOCE. aging, and early death of these mice.”

Kidnay intermatisnal (20715) 94, 491-531; ntraseidaiom 101016/ The production of FGF23 by bone cells is regulated by
kit A0 1R05.006 paral}1y{uid hormone [(PTL, l,ZSt:Ull]le}.':_ the iron

b,

KEYWORDS: calcium; FGF23; Klothoy Orail; phosphate; parathyroid hormone status, © dietary plmszphate,' " and inflammation.’™"" Proin-

Copwright € 2018, Irtermational Society of Mephmology, Published oy ﬂammatnr}f q.'tnkium; such as tumor necrosis factor o or

Elsevier Inc. All rights reserved interleukin-1 up-regulate FGF23."" Moreover, the inflamma-
tory transcription factor complex nuclear factor KB is also
involved in the formation of FGE23: nucear laclor KB up-
regulates Ca® release-activated Ca®' channel Qirail/stromal
interaction molecule 1 (STIMI11.Y Orail/STIM l-mediated
store-operated calcium entry [SOCE) induces the transcrip-
tion of the Fgf23 gene.'” Polycystic kidneys are anather source
of FGF23 production,'

Carrespondence: Michae! Failler, Martin-Luther-Unbversitit Halle-Wittenbery, A}}aﬁ from its role as a hnmmnle, FGF23 has gained broad

Institut flir Agrar- und Erndhrungswissenschaften, Von-Danckelmann-Platz 2 attention as a disease biomarker." In particular, in chronic

0-06120 Halle (Saale), Germany, E-mait: michaelioelier@landwuni-haliede  kidney disease (CKI),™ an elevated FGI23 plasma concen-

Recelved 28 July 2017; revised 1 March 2018; accepted 8 March 2018;  fration has been observed early hefore onset of hyperpara-
published online 31 May 2018 thyroidism  and hyperphosphalemda, typical sequelae of
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CKDZ An elevation of the plasma FGF23 concentration is
also observed in cardiovascular, metabolic, and inflammatary
diseases,'” and for several of those diseases, a positive corre-
lation between severily of the disorder and plasma FGE23 has
been estahlished. Therefore, FGF23 is under investigation to
uncover its suitability as a sensitive biomarker for several
acute and chronic clinical conditions.

The 35-adenosine monophosphate  (AMP)-activated
protein kinase (AMPEK; Engyme Commission 2,7.11.31) is a
serine and threonine protein kinase expressed in all organs
and tissues™ = As its name suggests, it is activated by an
increase in the cellular AMP level indicating a lack of a.den-
osine t'r1phmpl1ane, the main cellular energy substrate.”
AMPK is a heterotrimer consisting of an 2 (21 or o2), [
i(f1 or f21, and v (¥1, v2, or ¥3) subunit.”* The 2 subunit is
catalytically active, whereas the 7 subunit binds AMP* 7 1
addition to binding AMEP, the activation of AMPEK requires
the phosphorylation ol the prolein, which is accomplished by
the tumor suppressor liver kinase B1, another serine and

threonine kinase, or by calcium-calmodulin—dependent pro-
tein kinase 2, a Ca° ' -activated protein kinase. Thus, at least in
some cells, Ca®t influx also triggers activation of AMPK.™ ~

Taken together, AMPK acts as a cellular cnergy sensor,
which protects the cell against energy deﬁcieru:}r_“ Tt in-
duces energy-providing cellular pathways {e.g., fatty acid
oxidation, glycolysis) and  inhibits  energy-consuming
processes [e.g, protein synthesis, lipogenesis). I AMPE
also rcguldLl:s membrane Lransporl induding glucose lId.Ilb-

porter 4,7 mdmm-dependent glucme transporter 1,7 or
phosphate  transporter  Nali-11a.™* In  addition, AMPK
controls  lon  channels  including the epithelial MNa

channel™ *' ar big potassiom Kt channel ** Tmportantly,

AMPE has also been demonstraled o down-regulate Ca®™
release-activated Ca®  channel Orail. which accomplishes
SOCE™ SOCE is relevant for a broad range of cellular
functions including cell proliferation, migration, and
differentiation in  many cell types”"™ Recently, the
In’ndm'linn ol FGE?3 has been shown 1o be [1(‘.[’](‘.TIJ][‘I‘I| on
S0CE through Orail."”

In view of the regulation of Cirail by AMPEK and Orail-
dependent formation of FGF23, we investigated whether
AMPE is relevanl [or the production of FGE23,

RESLILTS

AMPK down-regulates Fgf23 expression in UMR1086 cells
First, we analvzed by reverse transcriptase polymerase chain
reaction {H1-PCR) whether UMRBI06 ostecoblast-like cells
express AMPK subunits, As demonstrated in Figure 1a, PCR
products  specific for Ampkal, Ampke2, AmpkGl, and
Ampky1 could readily be detected. Weaker bands for Ampk(2
and Ampky2 were observed [Figure la). Western blotting
conlirmed these results at the protein level (Figure 1b) Thus,
TIMR16 nstenblast-like cells express functional AMPE. Next,
we explored in UMRIOG cells whether AMPK activity mfluences
I'GE23 production. We incubated UMRIDG cells with or
without AMPE  activator  S-aminoimidazale-4-carboxamide
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rbonucleotide  (AICAR)} and inhibitor compound C and
determined Fgf23 transcripts. AICAR decreased whereas com-
pound C increased Fgf23 gene expression [Figure Ic). Similar
Lo pharmacological inhibition, the joint small, interfering
RNA (siRNA)-mediated silencing of Anphoel and Ampho?
genes resulted in a significant increase in Fgf23 gene expres-
sion (Cigure 1d). Silencing was effective as specific siRINA
reduced Amphocl transcript levels by 62% + 7% (n 7
F o= 00010 relalive Lo nonsense siBNA, llence, AMPE s a
tegulator of FGIE23 down-regulating the production of this
hormone.

The inhibition of Orail-mediated S50CE participates in the
AMPK effect on FGF23 formation

The synthesis of FGE23 is driven by SOCE involving Ca™
release-activated Ca®' channel Orail in TUMRI06 cells.'”
Orail-mediated SOCE has been demonstrated to be inhibi-
ted by AMPE.” To test whether AMPE activity influences
SOCE in UMRI06 cells, we determined intracellular Ca®" by
measuring Fura-2-dependent fluorescence. SOCE was esti-
maled fom the increase in Ca™*-dependent uorcscence
following readdition of Ca® to the extracellular fluid of
UMRLO6G cells that had been treated with the sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA) inhibitor
thapsigargin in Ca®"-free solution before. Thapsigargin de-
pletes intracellular Ca®* slores, enabling SOCE. According Lo
Figure Za and ¢, activation of AMPK with AICAR resulted in
reduced SOCE, pointing to an inhibitory effect of AMPK on
S0CLE in UMRIL06 cells. Intereslingly, also the thapsigargin-
induced increase in intracellular Ca®' was maderately, but
significantly reduced by ALICAR (Figure 2b).

AMPK regulates various ion channels by influencing their
membrane abundance. Becanse Orail is relevant for SOCE in
UMBL06 cells, we investigated whether AMPE aclivity allered
Orail expression or membrane msertion or both. As depicted
in Figure 2d, AMPK activation with AICAR did not change
Orail transcript levels in UMBRILOS cells. However, AICAR
significantly reduced the membrane abundance of (rail
(Figure Ze), These results suggest that AMPK activity reduced
the inserlion of Orail in the cell membrane of UMRL06 cells,
Our next series of experiments explored whether the inhibi-
tory effect of AMPK on Orail-mediated SOCE is required for
AMPK to down-regulate Fgf23 gene expression. Inhibition of
AMPE with compound C again elevated Fgf23 transcript levels
[Figure 20). This efleel was significantly and almost completely
abolished Dby S0OCE  inhibitors 2Z-aminoethoxydiphenyl
borate or MRS 1845 (N-Propylargylnitrendipine] or by
specific Orail inhibitor AnCoA4 (Figure 2f). Thus, the
inhibitory effect of AMPE on FGF23 production is dependent
on Orail-mediated SOCL,

FGF23 production is enhanced in AMPK>1-deficient mice

We sought to test whether the regulation of FGF23 by AMPK
is also relevant in wive. To this end, we analyzed AMPEx1-
deficient mice {ampk * ) and compared them with wild-
type mice (ampk™ ™), First, we determined the serum

rdngy intermationg! (2014 94, 491-301
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Figure 1| Effect of 5'-adenosine monophosphate-activated protein kinase {AMPK] on Fgf23 gene expression in UMR106 cells. (a)

Orlginal agarose gel photo demeonstrating amplified Ampka? (224 base pairs [bp]}, €2 (223 bp)., 7 (246 bp), 02 (197 bp)., 7 (201 bp), 12 (144
bip)-, and 4.2 {90 bpd-specific COMNA in UMR106 rat osteoblast-like cells. (b) Original Western blots demonstrating protein abundance of AMPKx1,
22, M, B2, 41, and 12 subunits as well as f-actin (loading control] in UMR106 cells, (c] Arithmetic means + SEMs (n = 7) of relative (rel) Fgf232
mRNA abundance {relative to Thp mAMNAL in UMR106 cells incubated without (ctrl, white bar) or with (black bars) AMPEK activator 5-
aminoimidazole-d-carboxamide ribonucleotide (AICAR) (250 wmol/d) or inhibitor compound C {1 umoel/) for 24 hours, *P < 005, *™P « 001
indicate significant difference from UMR106 cells treated with 100 nmol/l 1,25{0H).Dy only {analysis of variance). (d) Arithmetic means L SEMs
[n — 7] of relative Fgi23 mRNA abundance (relative to Tbp mRNA) in UMR10& cells treated with contral small, interfering (sIRMA (siNeg, white
bar} ar with specific Amplo? and Ampka? siRMA [sidmpk, black bar) for 72 hours, *P < 0,35 indicates significant difference from 1. AL, arbitrary

units; Comp. €, compound C; rel, relative, To optimize viewing of this image, please see the anline version of this article at we Kidney-

international.org,

F(GF23 concentration. As illustrated in Figure 3a, the serum
concentration of C-terminal PGE23 was  markedly and
significanty higher in ampk ™" mice comnpared with ampk™
mice. Similarly, the serum level of intact FGF23 was signifi-
cantly higher in ampk™ mice than in ampk™™ mice
(Tigure 3b).

F(:F23 is mainly produced by osteocytes and osteoblasts in
bone. Quanlitalive R1-PCR (R 1-PCR) analysis of bone Us-
sues revealed higher Fgf23 mRNA abundance in ampl
mice compared wilth ampk™ mice, suggesting enhanced
FGE23 production in the bone of ampk * mice (Figure 3¢,
Thus, the absence of AMPE®] activity resulted in more
PGI23 formation in mice, pointing to a relevant inhibitory
effect of AMPK on FGF23 in viva as ohserved fir vitro.

Normal phosphate metabolism but moderate cardiac
hypertrophy in AMPK21-deficient mice

Because FGE23 induces™ and AMPK activity counteracts™
left heart hypertrophy, we determined heart weights. As
shown in Figure 4a, the heart weight was slightly but

Kidaey infemational (201 8) 94, 191-501

significantly higher in ampk ™ mice than in ampk™ mice,
an olservation in line with left heart hypertrophy in AMPE®R]
deficiency, 1istological analysis conflwmed a slighily, but
significantly higher myncyte diameter in ampl{_’-_ mice,
suggesting moderale hearl hyperwophy (Figure 4b and ¢).
Hypertrophy marker brain natriuretic pepride™ as deter-
mined by gqRT-PCR was not different between the genotypes
(0,09 £ 0,01 [amnpk ™™ ]; 0,09 £ 0.02 [ampk "], 5 = 10-11).
Western blotring revealed that the activity of phosphalipase C
¥1 (PLCYL), which partiapates in FGF23-induced cardiac
Iypertrophy, ™ was not different between the genotvpes either
[Figure 4d).

The renal effects of AMPK include inhibition of phosphate
reabsorption, Thus, we studied phosphate metabolism in
aml'JI-:_"_ mice and ampl{_"'_ mice, The serum phosphate
concenlralion was, however, nol signilicantly dilferenl be-
tween ampk * mice and ampk “+ mice [Tahle 1). Moreover,
no significant difference in urinary phosphate excretion was
found either {Table 1), Thus, phosphate metabolism was not
significantly affected by AMPK#1 deficiency in mice fed
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Figure 2| Store-operated Ca® ™ entry [SOCE) in UMR106 cells. [a) Representative ariginal tracings showing intracellular Ca® ' concentration
[[Ca® 1) in Fura-2 (Fura-2 acetoxymethyl ester/AM-loaded UMRIDE rat osteoblast-like cells before and after ramaval of extracellular Ca®
addition of the sarco-endoplasmic Ca’~-adenosine triphosphatase inhibitor thapsigargin (1 prmalfl), and readdition of extracellular Ca™F in the
absence (open squares) and presence (closed squares) of S-amincimidazole-d-carboxamide ribonucleotide (AICAR) (250 umol/], 4 hours). (b)
Arithmetic means L SEMs in — 171-200 cells measured on 4 different days) of peak (left) and slope {right) values of [Ca™*]; increase after the
addition of thapsigargin reflecting Ca*" release from intracellular stores. [¢) Arithmetic means = SEMs [n — 171-200 cells measured on 4
different days) of peak (left) and slope (right) values of [Ca® ] increase following the readdition of extracellular ca*! reflecting S0CE. White bars:
without (Cul), black bars: with AICAR (250 pmold, 4 hoursh, *F < 005, #F <2 0,001 indicate significant difference (-test), il Arithmetic means =
SEMs (m — 7) of relative Orai? mRNA abundance (relative to Thy mRMA) in UMR106 cells incukated without (Ctrl, white barl or with {black bar
ANCAR (250 umoldd) for 24 hours (-test). (@) Original Western blot (upper panel] and densitometric analysis (lower panel] (arithmetic means —
SEMSs; i = 7} demonstrating the protein abundance of Orall and fractin (loading cantrol) in tha call mambrane of UMR106 calls incubated
without [Ctrl, white barl or with (black bar) AICAR (250 pmoldl] for 24 hours, *F < 005 indicates significant difference (test], (f) Ardthmetic
means = SEMs (n = 7] of Fgf23 mRNA abundance (relative to Thp mRNA] in UMR10G cells incubated without (white bars) or with compound C
[Black bars, 1 pmald) in the absence or presence of SOCE inhibitors Z-aminoethoxydiphenyl borate (APB) (25 umol/1; upper panel) or MRS 1845
(50 pmold; middle panel) or specific Orail inhibitor AnCofd (50 amold; lower panel) for 24 hours, *P < 0.05, **F < 001 indicate significant
difference from the absence of compound C, ™P < 0.01, "™P = 0.001 indicate significant difference from the absence of 2-APB, MRS 1845
[N-Propylargylnitrendipine], or AnCoA4 [analysis of variance). AU, arbitrary units; rel, relative. To aeptimize viewing of this image, please see the
onling version of this article at weaw kidney-intermational org.

normal chow. Because FGF23 is a potent regulator of cald-  mice and ampk™™ mice (Tahle 1), suggesting gross normal
triol formation, we also determined the serum calcitriol level,  renal function in AMPE%1 deficiency.

which was again not significantly different between ampk™~ Because enhanced FGF23 production in ampk™ mice
mice and ampk " mice (Lable 1), Serum PL11 was nol  could point to rather subtle phosphale relention, we exposed

different, either (Tahle 1). To study renal function, we alse  the animals to a high phosphate diet containing 2% pheas-
determined the glomerular filtration rate and serum Na™ and  phorus. As expected, dietary phosphate Joading resulted in an
K as well as the urinary Na' and K' excretion. All these  increase in the serum phasphate level and urinary phosphate
parameters were not significanthy different between amplc_"'_ excretion in hoth genotypes (Table 2). Under this diet, the
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Figure 3| Serum fibrahlast growth factor 23 (FGF23) levels and bone Fgf23 mRNA abundance in ampk™'" mice and ampk ™'~ mice.
Arithmetic means — SEMs of the serum concentration of C-terminal FGF23 {a) (n = 5], semum intact FGF23 concentration (b) {r = B), and
relative bone Fgf23 mRNA abundance [c) {n = &) (relative [rel] to 185 mRNA) in ampk*™™* mice (white bars) and ampk ™™ mice (black bars).
P e 005, Y < 0001 indicate significant difference between the genotypes (t-test), AL, arbitrary units.

serum  phosphate concentration tended to be higher in precimal tubule. As a resulr, surface expression of NaPi-Tla
ampk * mice than in ampk"" mice, the difference was  was similar in ampk Y mice and ampk'’" mice, a result in
almaost statistically significant (P = 0.051) (Table 2). The  line with unaltered renal phosphate excretion (Figure 5Se).
PGF23 serum concentration was, again, markedly and signif-  Downstream TGP23 signaling in renal tubular cells includes
icantly higher in ampk ™"~ mice compared with ampk* “mice phospharylation of extracellular signal-regulated kinases 172
{Luble 2). [ERK1/2), which we determined by Western blolling in kid-

Finally, the renal effects of FGF23 are mediated by Klotho,  ney tissues from ampk ' mice and ampk'’' mice. As
the expression of which we determined by gRT-PCR analysis  demonstrated in Figure 5§, the abundance of phosphorylated
and Western blotting. As demonstrated in ligure 5aand b, we  ERKL/Z was not different between the genotvpes despite a
did not ohserve a significant difference in renal Klotho mRNA  markedly elevated FGF23 level in a111p|-:_"_ mice, which
and prolein cxpression between ampk™ ™ mice and ampk™™  would be expected Lo induce ERK1/2 phosphorylation,
mice.

Renal phosphate reabsorption 15 mainly accomplished by DISCUSSION
Na ' -dependent phosphale ransporler MaPi-10a (SIc34al). We  Our study suggesls thal AMPE is a repulator of FGFL3 i vitro
therefore analyzed NaPi-Tla expression in the kidneys from  as well as in vivo. AMPK activation down-regulated, whereas
ampk ™"~ mice and ampk ™" mice by qRT-PCR analysis and  AMPK  inhibition or siRNA-mediated gene  silencing
Western Dblotting and found no  significant difference  enhanced TGF23 production. In line with this, AMPKx1-
(Figure 5S¢ and d). In addition, we employed immunohisto-  deficient mice had a markedly higher FGF23 serum concen-
chemistey Lo study the cellular localization of NaPi-lla in the  lralion, bul seemingly normal mineral metabolism,
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Figure 4| Heart hypertrophy markers in ampk ™' mice and ampk ™'~ mice. (a) Arithmetic means L SEMs [n — 5) of the heart weight
[hw)/body weight [bw) ratio in ampk' I mice (white bar) and ampk © mice (black bat). *P = 0.05 indicates significant difference between the
genotypes (I-test). (b) Arthmetic means + SEMs [n = 910} of the myccyte diameter in hearts from ampk " mice (white bar} and ampk !
mice (black bar), *F < 005 indicates significant difference between the genotypes [i-test). (€] Representative images of hematomylin and sosin-
stained heart sections from ampk™ " mice and ampk™ " mice. The white lines indicate the myocyte diameter, Bars = 50 um. {d)} Original
Western blot {left panell and densitometric analysis iright panel) (arithmetic means = SEMs; n — 6) demonstrating cardiac protein abundance
of phosphorylated and total phospholipase € 1 (PLC¥1) and glyceraldehyde-3-phosphate dehydrogenase {GAPDH) {leading contrel} in
ampk ™" mice {(white bar) and ampk ™" mice (black bar). AL, arbitrary units. To optimize viewing of this image, please see the online version of
this article at v kidney-internaticnal.org.
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Figure 5 | Renal Klotho and NaPi-la expression and downstream fibroblast growth factor 23 (FGF23) signaling in kidneys from ampk ™' mice
and ampk‘f_ mice. (a} Arithmetic means + SEMs [ — 3] of relative kidney Klotho mRBMNA abundance (relative [rel] to Gapah mRMA) in ampk 1 mice
[white bar) and ampk Y mice (black bar), (b} Original Westarn blot iupper parel) and densitometric analysis {lower panel) (arthmetic means + SEMs;
= 3] demonstrating the renal protein abundance of full length Klotho and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (loading contral)in
armpk™* mice (white bar) and ampk ™" mice (black bar). () Arithmetic means + SEMs (= 3) of relative kidney Slc34aT mRkA abundance (relative to
Gapdh mRNA) in ampk*™ mice (white bar) and ampk™'" mice (black bar), (d) Original Western blot {upper panel) and densitometric analysis {lower
panel) (arithmetic means L SEMs; n — 5-6) demonstrating the renal protein abundance of NaPi-lla and GAPDH lloading control} in amplk ™ mice {white
bar) and amplk " mice (black bar. (&) Cellular localization of MaPi-lla in the proximal tutsule from amplk ™ and ampk ™ kidneys. Confocal microscopic
images showing representative 53 proximal tubule sections labeled for MaPi-lla igreen signal). The nuclei are counterstained with 4 S-diamidine-2-
phenylindale (blua signal). Note the similar MaPi-lla distribution patterns within the brush border in the 2 genotypes. Bars = 10 pm, {f) Original Westarn
blot fupper panels) and densitometric analysis (lower panel) (arithmetic means + SEMs; n = 6) demonstrating the renal protein abundance of phos-
phondated ip} and total extracellular signal-regulated kinases 1/2 (ERK1/2) and GAPDH (loading contral}in ampk™* mice (white bar) and ampk ™ mice
(black bar). AL, arbitrary units. To optimize viewing of this image, please see the online version of this article at v kidney-international org.

AMPK is activated by cellular energy deficieney.” Under  FGE23 induces hypertrophy of the lell ventricle, a clearly
this condition, it serves to provide cells with energy and  emergy-consuming effect. On the other hand, the inhibitory
limits energy-consuming pathways.” According to our re-  effect of FGF23 on renal phosphate reabsorption, which is
sults, the production of FGTE23 is among the latter processes,  secondary active, and calcitriol formation is expected to save
which are limited in energy deficiency. On the one hand, energy
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Table 1| Renal function parameters and serum levels of

Table 2 | Impact of high phosphate diet on renal phosphate

hormones in ampk ™' mice and ampk '~ mice excretion in ampk "' mice and ampk '~ mice
ampk™™ ampk™'~ ampk™™ ampk™"~
Parameters [ = 57} (n = 57} Parameters =10} =9
GFR {plfmin per g kned 146 =23 1019 GFR (plfmin per g bw) 71=105 68 + 05
Serurn sodium (mmal/l) 1324 =09 133.0 + 09 Serum phosphate (mg/dl) G0 —032 6.8 + 03 (F = 0.051)
Urinary sodium excretion 103 =08 95+ 09 Urinary phosphate excretion 243=15 78— 28
umoli24 b per g bwl (mali2d b per g bw)
Serumn potassium (rmol/1) 45 L 0.2 49 104 C-terminal FGF23 {pgiml) 7893 L 6l6 21706 _ 538.5°
Urinary pofassium excretion 15514 140 L12 o body weight: GFR, glomerular filtration rate; FGFZ2, fibrablast growth factor 23,
iumol24 h per g bwt "F = 000 indicates significant difference between the genctypes [Kolmegorow-
Serum phosphate (mo/dh 58=03 6.2 =03 Smirman testl,
Urinary phosphate excration 50—=04 47 + 05 [ata are presented as arithmetic means | SEMS.
(umoly24 h per g bw)
Calcitriol ipgsml) 1107 = 10.2 1247 £161
PTH [paémi) 831 L 52 605 L B2

b, body weight; GFR, glomerular filration rate: PTH, parathyroid homone.
Data are presented as arithmetic means £ SEMs.

AMPK is known to counteract cardiac hypertrophy with
AMPE#2 being most relevant for this effect” ™ and AMPE1
having a minor role.™ Patients with CKI} suffer from left
ventricular hypertrophy,”’ and FGF23 s not only associated
with lhis cardiac condilion as a biomarker bul aclively in-
duces left heart hypertraphy by inducing PLCY activigy.™ ™
We indeed found a small but significant increase in heart
weight of amplk ©  mice comparad with ampk *' mice, an
effect paralleled by a higher cardiac myocyte diameter in
ampk ™" mice pointing o moderale cardiac hyperirophy.
However, cardiac PLCY activity was not different between the
genotypes. Hence, it seems possible that FGF23 does not have
a dominant role in the moderate heart hypertrophy of
ampk ™" mice. Tnstead, FGF23-independent inhibitary etfects
of AMPK may be more relevanl,”™

In CKI», renal AMPK activirty has been found to be lower
than in healthy kidneys.” Therefore, pharmacological AMPK
activation may be beneficial in this disease™ as it may be in
other renal diseases" including polycystic kidney disease that
rmay u]Limalc]y result in CKIXY Our resulls are in line wilth
this assumplion as a high FGE23 level is deary predictve of
declining kidney function and earlier death in CKIL
Becanse FGF23 may not only indicate disease but may
aclively contribule (o progression in CKLD, AMPE-dependent
suppression of enhanced FGF23 praduction in this disease
may not only be beneficial with regard to renal function, but
also with regard to the prevention of left heart livpertrophy, a
very severe sequela of CKD.'' Surely, apart from AMPEK, a
plethora of olher novel faclors are relevanl for CKD—mineral
and hone disorder including a disintegrin and  metal-
loproteinase 17 (ADAMI7). This enzyme generates soluble
Klothe from transmembrane Klotho and tumer necrosis
factor %, molecules influencing CKD--mineral and hone dis-
order pathophysiology, and has recently been shown 1o be a
novel player in this disorder.™

SOCE involving Ca®" release-activated (a®F channel
Orail Is part of the cellular signaling resulting in the
production of FGF23.'” As AMPE has been shown to

+

Kidaey intemational (200 5) 94, 451-501

34

down-regulate  Orail-mediated SOCE, ™™ we tested
whether this mechanism is responsible for the AMPK effect
on FGI23. Our results indeed suggest that AMPK lowers the
cell surface expression of Orail inosleoblast-like cells, Orail
is targeted by ubiquitin ligase neural precursor cell expressed
developmentally down-regulated protein 4-2  [Nedd4-2],
resulting in proteasomal degradation of the channel protein.™
AMPK has been demonstrated to regulate Neddd-2,"""" and
the AMPK cllecl on ion channels including epithelial Na*
charnnel ™ and KCNOQ1 (porassiom voltage-gated channel
subfamily ¢ member 1) is indeed also mediated by
Medd4-2. As a consequence of decreased Orail membrane
expression upon treatment with AICAR, we ohserved reduced
S0CLE, Conversely, the slimulaling effect of AMPEK inhibition
was abolished in the presence of SOCE inhibitors 2-
aminoethoxydiphenyl borate and MRS 1845 or by Orail in-
hibitor AnCoAd, suggesting that the AMPK effect on FGT23 is
indeed dependent on Orail-mediated SOCF.

Increased FGE23 production in ampk™ ™ mice would e
expected to impact on renal phosphate handling and caleitriol
metabolism. We, however, did not see a significant difference
in renal phosphate excretion and the serum phosphate con-
centration between a111p|:_"_ mice and amplc'”_ mice. Hence,
renal cxprl.‘.tﬁinn and  cellular localivation of MaPi-lla, the
main Nat-dependenl phosphale ransporier, was similar in
ampk ¢ mice and ampk ' mice, Neither did we observe a
significant difference in the serum calcitriol and PTH level
between ampk ™™ mice and ampk™ mice. 11 should be kept
in mind that AMPK is an inhibitor of the renal tubular
phosphate transporter NaPi-1la™ and that renal AMPK
deficiency is expected to enhance renal tubular phosphate
transport, thereby counteracting the effect of FGF23. It is
lemping Lo speculate thal AMPE conlributes o the decline
af renal tubular phosphate transport tollowing high phos-
phate diet and that the effect of high phosphate diet on
plasma  phosphate  concentration is thus avgmented in
ampl ™" mice.

The lack of hypophosphatemia in ampk ™~ mice may
further reflect the complexity of mineral metabolism
compensating moderate  derangements of a  regulator.
Notably, lack of functional vitamin I receptor similarly does
not lead to hypophosphatemia, ™ AMPK deficiency may cause
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some FGF23  resistance. Along  those lines, FGGF23-
downstreamn ERK1/2 signaling™ was not different between
ampk™" and ampk®” kidneys despite a markedly higher
FGE23 concenlralion in ampk ™" mice. Therclore, unallered
phosphate metabolism in ampk " mice may at least in part
be explained by the fact that the higher FGF23 concentration
of ampk *  mice ultimately resulted in the same ERK1/2
activity in ampk™" kidneys as did the lower FGF23 con-
centration of ampk ™™ mice in ampk™" kidneys.

Moreover, renal 125(0H).D. formation is not only
regulated by FGF23/Klotho, but by several further negative
feedback loops including 1.23(0H).[x itself,” which are
expected to limit alterations of plasma phosphate cancen-
tration and renal phosphate excretion al enhanced FGE23
plasma levels.

In line with a previous report,” renal function including
glomerular filtration rate, Na©™ and K excretion was nat
allecled v AMPRR] deficiency under conlrol conditions,
whereas AMPK-dependent down-regulation of renal outer
medullary K~ channel results in failure of ampk™"" mice to
adapt to an acute K' load.™ Alsa, X' channel KCNQI is
expressed in the kidney and regulated by AMPK.™

Laken logether, our study shows thal AMPK is an
important regulator of FGF23 production both in vitee and
in vive. The AMPEK effect on F(3F23 is at least in part medi-
ated by Orail-involving SOCE (Tigure 6), AMPE-dependent
FGF23 regulation is expected to participate in the beneficial
ellects of AMPK activation in CED as well as in other
diseases.

METHODS

Cell culture

Cell culture experiments were concducted as previously desoribed,™
UMRI106 cells do net have appreciable amounts of Fgf2d mBENA
per se. Pgf23 expression was therefore induced by pretreatment with
1 nameldd 1,25(0H):1; (Tocris, Bristol, UK). After 24 hours, cells
wWeTe addiLinn;t]]'_\-' treated with or withou! 250 |.l.rnu|.l'| ATCAR, |
|.I.rnu].l'] r.'c}rnpcmnd . with 25 |.lmc}|,-r| 2-
aminoethoxydiphenyl borate (Sigma-Aldrich, Schoelldort, Ger-
rmany], 30 pmold MRS 1845 (Tocris) or 50 pmolfl AnCoAd (Merck,
Darmstadt, Germany) for another 24 hours or treated with vehicle
only, For Ca®  measurements, cells were treated with or without 250
penol/l AICAR for 4 hours.

or  withoul

Silencing

Atotal of 1.5 » 10° cells were seeded 24 hours before the experiment
in  antibiotic-free  mediam, Cells were  transfected with (N-
TARGETplus Ral SMARTpowl Ampka! and Ampka? siRNA (each
50 nmol1) {Thermo Fisher Scientific, Waltham, MA) or 1(0 nmolf1
nonspecific sitNA (Thermo Fisher Scientific) using DharmaFECT1
transfection reagent. Forty-eight howrs after transfection, cells were
treated with 125000710, (100 nmaldly for another 24 hours and
harvested,

Expression analysis
Total RMA was extracted from UMRIOAE cells treated for 48 hours
with 100 amold 1,25(0H},D0; only. PCR was carried out using
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Figure 6| Scheme illustrating the signaling of the 5'-adenosine
monoephosphate-activated protein kinase (AMPK) effect on
fbroblast growth factor 23 (FGF23). SOCE, store-operated calcium
entry.

CroTag Green Master Mix (Promepa, Mannheim, Germany]l. PCR
conditions were 94 C (3 minules), 35 cyeles of 94 %C (30 seconds),

3 to 6l °C (30 seconds), and 72 °C (1 minutc),

Primers
Arriphr]
CTCAACCGGCAGAAGATTCG
TEEAACAGACGTOGACTOTC
Apmfekee2
GOAGGOTTGAAGAGGTGOAA
TCCGETGETGCATAATTTGG
Ampkil
ACGATUCCT TOCGAGUCAATA
TGTTCAAGATGACCTGOAGE
A2
CTGGCAGCAGGATTTGGATG
ACT TG TAC TG TGO T
Asmpekey |
TCGCTGCTATGACCTGATCC
AGGGCTGACTTGTAGTAICGG
Ampkt2
COTCCAGUTTTTTATGTOUTG
CTCTCCACAAAGATOTTCAAG
A3
ATATATTTGGETGCCCIGTTG
CTACAGUTAAATUTOGGAAT

fidngy infernriong) (016 94, 491401
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qRT-PCR

Total RNA was extracted] with Tri-Fast (Peglab, Trlangen, Germany)
(in casc of bonc also with ENcasy Mini Kit |QLAGEN, Hilden,
Germany|) and franscribed with GoScript Reverse Transcription
System (Promega) wsing 1.2 [g of total KNA and random primers.
The RT-PCR was carried out with GoTag qPCR Master Mix
['Pnlrnug;t,'l conlaining a propriclary Nuorescent dowble-stranded
DNA-binding dyc cxhibiting spectral propertics similar to those of
SYBR Green L MCI conditions were 95 “C (3 minutes), 2% to 40
cycles of 95 “C (10 seconds), 36 to 58 “C (30 seconds), and 72 °(
(3045 seconds).

Primers

Ihp

ACTCOTGOCACACCAGCC

Gl TOCAAGTTTACAGUCAAGATTUA

Fef23

TGGCCATGTACACGGAACAC

GGUOCCTATTATCACTACGGAG

Amphot

CTCAACCGGCAGAAGATTCG

TEGAACAGACGTOGACTOTC

{rail

COTCCACAMCCTCAACTCC

AMCTCTCCOTCCOTCTTAT

Egi23

TOGAAGGTTOC T TTETA TG A

AGTGATGOTTOTGOGACAAGT

Klotho

COTTAAAAGUAATCAGACTGE

CrAAAGUUATTCTOUTUTATE

Sle34ul

AATGCAACCATATCTTCOTG

GOAAACSTCTGTGTTGATGAC

188

Crlrl A G UCOUTGAGAAAC G

GOOTOGGGAGTOGOTAATTT

Clapdi

GEIGAAGGTCGETEIGAACS

IO OC T Er AAGAT AT

Npph

ATGGATCTOCTGAAGETGCIGETC

CTACAACAACT T CAGTGOGTTAL

Calculated mRNA CXPIEsSION levels were normalized 1o the
cxpression levels of Thp (TATA-box binding protein in rat UMR1D6
cells}, Gapdh (In murine kidney and heart), or I85 (in murine bone),
regpectivelv, of the same <¢DMA sample as internal reference.

AAC b

Quanlification of gene expression was based on the
(AACH = [ACE of a larget sample]—[ACH of a reference sample] ],
whereas normalized data are presented after thc_;_:] A (ACE = O

(target gene]-Ct[reference gene]} transformation. ™

Ca’* measurements

The measurements were performed as described previously using
Fura-2."" SOCE was determined after extracellular Ca*' rernoval and
subsequent 2™ readdition in the presence of thapsigargin {1 pmold:
Tocris), Por quantification of Ca®~ entey, the slope (delta ratio per
seconcl) and peak (delta ratio) were calculated following readdition of
Ca't, Experiments were performed in Ringer solution containing
{in mumol/1): 125 NaCl, 5 KCIL 1.2 Mgy, 1.8 CaCly, 2 NagHPOy, 32

Kidaey international’ (201 5) 94, 491-501

M-2-hyd resevethylpiperazine- V' -2-ethanesulfonic acid, 5 glucose, pH
7.4 Tor reach nt'rrn'ina”y Ot e comitions, 'l::{z"'—l'rut: Ringer so-
lution was wsed (in mmell: 123 MNaCl, 5 KCI, 1.2 MgsQ,, 2
Na,HPOj, 32 N-2-hydroxyethylpiperazine-I'-2 -cthancsulfonic acid,
0.5 ethylene glvcol-bis-(J-amincethvlether) -5, 5N A -tetraacetic
acid, 5 glucose, pH 7.4).

Animals

All animal experiments were conducted according to the German
law Tor the wellare of animals and were approved by the authorities
of the state of Saxony-Anhalt, Experiments were pedformed i
AMPR-deficient {ampk ) mice™ and in sex- and age- [3-6
manths old) matched wild-type mice {amplk*™™*).

Serum and urine parameters

Mice were placed individually in metabolic capes (Tecniplast,
Tohenpeissenbery, Germany) and allowed a 2-day habituation
period, Subscquently, 24-hour nrine was collected on the following 3
to 4 days insiliconized metabolic cages under water-salurated oil as
described proviousty™ For phosphate loading, mice were fod a high
phosphate diet (C1049; Altromin, Lape, Germany) containing 2%
phosphorus for the duration of urine collection. Blood was drawn
from lightly anesthetized mice im0 heparinized capillaries by
puncluring the retro-orbital p]r:xu:i_ Serum concentrations ol intact
and C-terminal FGF23, PTH (all from Inumutopics, San Clemente,
CA) and calcitriol (1DS, Frankfurt am Main, Germany) were deter-
mined by enzyme-linked immunosorbent assay kits according to the
'I'I'IHI'ILer.I’.'iIJTL'TIEi FITIJHJI.'('II. Far I.'\‘il.]'IJHﬁE'H'I uf |.|'|L' H,]lll'l'll.'TL]IHl' FI“TH.iiﬂTI
ratc, urinary creatinine was measurcd using the Jaffé method
{Labor + Technik, Berlin, Crermany) and serum creatinine using an
enzymatic reaction (PAP; Labor + Technik], respectively. Urinary
and serwn inorganic phosphate concentrations were determined by a
phatometric methed (Roche, Mannheim, Germany), Sodium and
potassimm concentrations in serum and urine were analyzed by flame
photometry {Eppendorf, Hamburg, Germany].

Western blotting

Orail protein abundance was detected using the Pierce Cell Surface
Protein Isolation Kit (Thermo Fisher Scientific]. Proteins from lysed
cells or fssues (30=50 Myl vr total profein |}'.‘:a1|_' E] |.l|} foar Orrail
detection were subjected to standard Western blotting using the
following antibodies: anti-AMPKal, anti-AMPE=22, anti-r\MPKBl,
anti-SLCHMAL (Novas Biologicals, Littleton, COJ, anti-AMPE[i2,
anti-AMPKYZ,  anti-pd4/42-MAPK, anti-phospho-pdd/42-MAPK,
anti-PLEYL,  anti-phospho-PLCYD (Cell  Signaling Technology,
Danvers, MA), anti-AMPEY1 [Abcam, Cambridge, UK], anti-Crail
{Proteintech, Chicago, IL], anti-Klotho (R&D Systems, Minneapolis,
MN), horseradish perexidase—conjugated- - Actin-antibody or anti-
glvceraldehyde-3-phosphate dehydrogenase—antibody {Cell
Signaling) as loading controls. Horseradish peroxidase—conjupated
anli-rabbil ot anti-goat secondary antibody was used, and the
bands were visualized wsing enhanced chemiluminescence reagent
{GE Healthcare-Amersham, Amersham, UK) and detected by Syn-
gene (1BOX Chemi XX6 (VWE, Dresden, Germany).

Analysis of myocyte diameter

Hearts were fixed in Roti-Histofix 4% (Carl Hoth, Karlsruhe,
Germany), dehydrated in graded ethanol, cleared in Roticlear [Carl
Roth), and cembedded in paraffin, Sections were stained with
hematoxylin and cosin and analyzed as described before,™
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Histochemistry

The immunolluorescence profocel was deseribed prt-."imml}r,sc' Pri-
mary anti-NaPi-Ila antibody”" was added for 1 hour at room tem-
perature followed by overnight incubation at 4 °C, detected by a
Cy3-coupled fluorescent secondary antibedy (Dianewa, Hamburg,
Germany) and evaluated by confocal microscopy (LSM 55 Zeiss,
Oberkochen, Germany),

Statistics

Diata arc provided as means £ SEMs, and » represents the number of
independent experiments or animals stadied, All data were tested for
significance using Student’s paired or unpaired i-test or one-way
analvsis of variance (followed by Tukeys multiple comparisons
Lest), as appropriate. Nonparamefric clata  were &H‘I&ll}"ﬁtl,l s
Folmogoren-Smimey  test, Only results with Po= 0003 were
considered statistically significant.
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Abstract: AMP-activated kinase (AMPK) is a serine/threonine kinase that is expressed in most cells
and activated by a high cellular AMP/ATP ratio (indicating energy deficiency) or by Ca®*. In general,
AMPK turns on energy-generating pathways (e.g., glucose uptake, glycolysis, fatty acid oxidation)
and stops energy-consuming processes (e.g., lipogenesis, glycogenesis), thereby helping cells survive
low energy states. The functional element of the kidney, the nephron, consists of the glomerulus,
where the primary urine is filtered, and the proximal tubule, Henle’s loop, the distal tubule, and the
collecting duct. In the tubular system of the kidney, the composition of primary urine is modified by
the reabsorption and secretion of ions and molecules to vield final excreted urine. The underlying
membrane transport processes are mainly energy-consuming (active transport) and in some cases
passive. Since active transport accounts for a large part of the cell’s ATP demands, it is an important
target for AMPK. Here, we review the AMPK-dependent regulation of membrane transport along
nephron segments and discuss physiological and pathophysiological implications.

Keywords: transporter; carrier; pump; membrane; energy deficiency

1. Introduction

The 5'-adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a serine/threonine
protein kinase that is evolutionarily conserved and functions as an intracellular energy sensor in
mammalian cells [1-5]. It is a central regulator of energy homeostasis and affects many important
cellular functions including growth, differentiation, autophagy, and metabolism [1,2,6]. During
energy depletion when cellular AMP levels are high relative to the adenosine triphosphate (ATP)
concentration, AMPK activates energy-providing pathways including glucose uptake, glycolysis,
or fatty acid oxidation [7-10]. Simultaneously, processes consuming ATP (e.g., gluconeogenesis,
lipogenesis, or protein synthesis) are inhibited [7-10].

Being expressed in most mammalian cells, AMPK is a heterotrimeric protein consisting of
a catalytic o (1 or «2), scaffolding 3 (81 or f2), and a regulatory nucleotide-binding y (y1, ¥2, or ¥3)
subunit with the expression pattern differing from cell type to cell type [1,2,11-14]. Induction of AMPK
activity involves phosphorylation of the conserved threonine residue Thr172 within the activation
loop of the & subunit’s kinase domain by various protein kinases including the tumor suppressor liver
kinase B1 (LKB1), Ca%* /calmodulin-dependent protein kinase kinase p (CaMKKp), and transforming
growth factor beta-activated kinase 1 [1,15-28]. AMPK activation in cellular energy depletion is
primarily mediated by an increase in the AMP/ATP or ADP/ATP ratio [8,29,30]. Thus, AMP or ADP
binding to the subunit at cystathionine-beta-synthase repeats results in conformational changes that
allows for the phosphorylation at Thr172 by LKB1. This results in an enhancement of AMPK activity
by >100-fold [1,8,12,15,31-36]. Moreover, AMP or ADP binding prevents dephosphorylation at Thr172
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by protein phosphatases [8,12,37,38]. Additionally, binding of AMP, but not ADP, activates AMPK
allosterically [8,11,12,37]. Conversely, ATP binding to the cystathionine-beta-synthase domain results
in AMPK dephosphorylation by protein phosphatases [1,8,39].

Besides LKBl1-associated regulation of AMPK phosphorylation, an alternative Ca2+-mvolving
activation mechanisms independent of AMP exists [6,12,40,41]. Protein kinase CaMKKp
phosphorylates AMPK at Thr172 in response to elevated intracellular Ca?* levels which may be
caused by mediators such as thrombin or ghrelin [6,12,23,40,42,43]. Intracellular Ca?* store depletion
detected by the Ca®*-sensing protein stromal interacting molecule-1 leads to store-operated Ca®*
entry (SOCE) involving the Ca?" release-activated Ca2* channel Orail [44—49]. Orail-mediated
SOCE impacts on many cellular functions including cell proliferation, differentiation, migration,
and cytokine production [44,50-55]. SOCE is involved in a sort of feedback mechanism involving
AMPK: SOCE activates AMPK through CaMKKf. AMPK in turn inhibits SOCE [45]. Moreover,
AMPK inhibits SOCE by regulating Orail membrane abundance (at least in UMR106 cells) [44,56].

AMPK is a major regulator of whole body energy homeostasis [10,12], impacting on a variety
of organs including liver [57-61], skeletal [62-66] and cardiac muscle [67-73], kidney [74-77], and
bone [78-80]. In the kidney, AMPK regulates epithelial transport, podocyte function, blood pressure,
epithelial-to-mesenchymal transition, autophagy as well as nitric oxide synthesis [75,76,81-83].
Not surprisingly, AMPK is highly relevant for renal pathophysiology, including ischemia, diabetic
renal hypertrophy, polycystic kidney disease, chronic kidney disease, and hypertension [40,67,74-76].
This review summarizes the contribution of AMPK to the regulation of renal transport and hence to
the final composition of excreted urine. Moreover, pathophysiological implications are discussed.

2. AMPK and Renal Tubular Transport

The kidney is particularly relevant for fluid, electrolyte, and acid-base homeostasis. In addition,
it is an endocrine organ producing different hormones such as erythropoietin, Klotho, and calcitriol,
the active form of vitamin D [84-86]. The kidneys are made up of about 1 million nephrons,
their functional elements. A nephron comprises the glomerulus surrounded by the Bowman’s
capsule, the proximal tubule, Henle’s loop, distal tubule, and the collecting duct. The primary
urine is filtered in the glomerulus. Its composition is similar to plasma. In general, large molecules
and particularly proteins >6000 Dalton are normally filtered to a low extent, if at all. The renal
tubular system modifies the primary urine by reabsorbing or secreting ions and molecules, ultimately
yielding the final urine [85-87]. Epithelial transport is mainly dependent on ATP-dependent pumps
(primary-active), secondary-or tertiary-active transporters, as well as carriers and channels (passive,
facilitated diffusion). Since active transport consumes energy by definition, it is not surprising that
it is subject to regulation by AMPK. Moreover, even passive transport involving glucose transporter
(GLUT) carriers is controlled by AMPK [74,75].

2.1. Na*/K*-ATPase

The ubiquitously expressed Na* /K*-ATPase is a primary active ATP-driven pump that mediates
the basolateral extrusion of 3Na* in exchange of 2K*, thereby establishing a transmembrane Na*
gradient, which is the prerequisite for secondary active Na*-dependent transport (e.g., through
Na*-dependent glucose cotransporter 1 and 2 (SGLT1/2), Na*/H" exchanger isoform 1 (NHE1),
Na*-coupled phosphate transporter (NaPi-Ila), or Na*-K*-2Cl~ cotransporter (NKCC2), as discussed
below) [75,88-94]. Almost one-third of the body’s energy is consumed by this pump [95]. Therefore,
it does make sense that it is regulated by AMPK [74-76,94]: AMPK inhibits Na* /K*-ATPase in airway
epithelial cells by promoting its endocytosis [96—-100]. However, AMPK stimulates Na* /K*-ATPase
membrane expression in skeletal muscle cells [101] and in renal epithelia [102], thereby counteracting
renal ischemia-induced Na* /K*-ATPase endocytosis [103]. Interestingly, AMPK{1 deficiency was
found not to alter outcome in an ischemic kidney injury model in mice [104]. Hence, the effect of
AMPK on Na*/K*"-ATPase appears to be highly tissue-specific [74,75].
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2.2, Proximal Tubule

A wide variety of luminal Na*-dependent cotransporters, which are secondary active, are involved
in epithelial transport in the proximal tubule. Secondary active transporters utilize the energy of
the transmembrane Na* gradient generated by the primary active ATP-consuming Na*/K*-ATPase
to facilitate transport of a substrate against its concentration gradient [105,106]. These transporters
and the basolateral Na* /K*-ATPase consume substantial amounts of total cellular energy [74,75,107].
Hence, AMPK has been demonstrated to be an important regulator of proximal tubule transport [74,75].

2.2.1. Glucose Transport

Since glucose is freely filtered by the glomerulus, glucose concentration in primary urine is
similar to the plasma glucose concentration, whereas excreted urine is usually free of glucose [108-110].
The sugar is reabsorbed in the proximal tubule by the Na*-dependent glucose cotransporter 1 and
2 (SGLT1 and 2), the different expression patterns and properties of which ensure total glucose
reabsorption as long as the plasma glucose concentration is not abnormally high [89,108]. SGLT2 has
a high transport capacity but low affinity for glucose and is predominantly expressed in the kidney,
while SGLT1 is also expressed in other tissues including the small intestine. SGLT2 contributes to the
reabsorption of up to 90% of filtered glucose [108,109,111,112]. On the other hand, AMPK-regulated
SGLT1 [7,92,113] has a low transport capacity but high affinity for glucose and reabsorbs the remaining
glucose [108-110,114,115]. Glucose leaves the basolateral membrane through passive glucose carriers
GLUT1 and GLUT2 [108,116-118]. AMPK activates SGLT1-dependent glucose transport, presumably
by stimulating membrane insertion of the cotransporter as observed in colorectal Caco-2 cells [92,119].
In line with this, AMPK activation is associated with increased SGLT1 expression and glucose uptake
in cardiomyocytes [113,120]. Although the AMPK-dependent regulation of SGLT1 in the proximal
tubule has not explicitly been addressed, it is tempting to speculate that it is similar to other cell
types [92,113,119,120]. The regulation of SGLT by AMPK is a doubled-edged sword: on the one
hand, SGLT1-dependent reabsorption of glucose in proximal tubular cells requires energy which is
generated by B-oxidation of fatty acids to a large extent [121,122]. On the other hand, it prevents
the loss of energy-rich glucose [122,123], thereby maintaining the Na* /K*"-ATPase-facilitated Na*
gradient for Na*-dependent transport and many other cellular processes [75,76]. SGLT1-mediated
glucose uptake is linked to the GLUT1-dependent efflux at the basolateral side [108,116]. GLUT1
activity is stimulated by AMPK in various cell types [124-131]. Therefore, it is conceivable that
renal GLUT1 might also be regulated by AMPK in order to save energy-providing glucose. In line
with this, Baldwin et al. (1997) showed enhanced glucose uptake via GLUT1 in baby hamster kidney
cells treated with AMPK activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) [132].
Moreover, Sokolovska et al. (2010) reported that metformin, another pharmacological AMPK activator,
increased GLUTT gene expression in rat kidneys [133]. Also, AMPK activation was associated with
enhanced activity of GLUT2. These studies, however, found reduced SGLT1 membrane abundance
upon AMPK activation, at least in the case of murine intestinal tissue [134,135].

2.2.2. Na*/H" Exchanger Isoform 1

The ubiquitous Na*/H* exchanger isoform 1 (NHE1) participates in cell volume and pH
regulation by extruding one cytosolic H* in exchange for one extracellular Na* [136,137]. NHE1 is
expressed in all parts of the nephron, including the proximal tubule. However, it cannot be detected
in the macula densa and intercalated cells of the distal nephron [136,138,139]. In the proximal tubule,
NHET1 is particularly important for HCO3™ reabsorption [140]. In hypoxia, anaerobic glycolysis is
predominant, which results in intracellular accumulation of lactate and H* [90]. Acidosis, however,
inhibits glycolysis [90,141,142] and would jeopardize cellular energy generation. AMPK-dependent
stimulation of NHE1 activity in human embryonic kidney (HEK) cells therefore helps cells keep up
anaerobic glycolysis in oxygen deficiency, as demonstrated by Rotte et al. (2010) [90]. Given that NHE1
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is needed for proximal tubular HCO3; ™ reabsorption [140], AMPK may help retain HCO;3~, thereby
alleviating acidosis in energy deficiency and hypoxia.

2.2.3. Creatine Transporter

In some organs with high metabolic activity, including skeletal muscle, heart, and brain, creatine
is used to refuel cellular ATP levels [143-145]. In the proximal tubule, creatine, a small molecule that
is freely filtered, is also reabsorbed through secondary active Na*-dependent creatine transporter
(CRT) (SLCeAS) [7,75,143,146]. AMPK has been demonstrated to downregulate CRT activity and
apical membrane expression in a polarized mouse S3 proximal tubule cell line, presumably through
mammalian target of rapamycin signaling [147]. The AMPK-dependent inhibition of CRT may
help reduce unnecessary energy expenditure [75]. Conversely, AMPK stimulates CRT-mediated
creatine transport in cardiomyocytes [148,149]. This again demonstrates that AMPK effects are
tissue-specific [148].

2.2.4. Na*™-Coupled Phosphate Transporter Ila

Inorganic phosphate is mainly reabsorbed by the secondary active Na*-coupled phosphate
transporter (NaPi-Ila) (SLC34A1) in the proximal tubule [93,150-152]. Employing electrophysiological
recordings in Xenopus oocytes, it was shown that AMPK inhibits NaPi-Ila [93]. Kinetics analysis
revealed that AMPK decreases NaPi-Ila membrane expression rather than changing its properties.

The regulation of phosphate metabolism by AMPK is not restricted to NaPi-Ila: Recently,
AMPK was demonstrated to control the formation of bone-derived hormone fibroblast growth factor
23 (FGF23) [56], which induces renal phosphate excretion by extracellular-signal regulated kinases 1/2
(ERK1/2)-mediated degradation of membrane NaPi-Ila [150]. AMPK inhibits FGF23 production in
cell culture and in mice [56]. Despite markedly elevated FGF23 serum levels in AMPKal-deficient
mice, renal phosphate excretion was not different from wild-type animals [56]. The same holds true
for cellular localization of NaPi-Ila and renal ERK1/2 [56]. Thus, it is possible that AMPK deficiency is
paralleled with some FGF23 resistance.

2.3. Loop of Henle

2.3.1. Na*™-K*-2CI~ Cotransporter

The Na*-K*-2CI~ cotransporter (NKCC2), expressed in the thick ascending limb (TAL) of the
loop of Henle and macula densa, is required for the generation of a hypertonic medullary interstitium,
a mechanism needed for concentrating urine [75,76,88,91]. NKCC2 is a direct substrate of AMPK which
phosphorylates it at its stimulatory serine residue Ser-126 [153]. Moreover, exposure of murine macula
densa-like cells to low salt leads to AMPK activation and increased NKCC2 phosphorylation [154].
In addition, increased subapical expression (and apparent reduced apical expression) of NKCC2 in the
medullary TAL of the loop of Henle along with elevated urinary Na* excretion in AMPKp1-deficient
mice on a normal salt diet were observed [155]. This is in line with AMPK being an important regulator
of NKCC2-mediated salt retention in the medullary TAL of Henle [155]. Efe et al. (2016) recently
observed markedly increased outer medullary expression of NKCC2 in rats treated with the AMPK
activator metformin [156]. However, according to a recent in vivo study by Udwan et al. (2017), a low
salt diet induced upregulation of NKCC2 surface expression in mouse kidneys but left AMPK activity
unchanged [157]. Therefore, the exact role of AMPK in stimulating NKCC2 remains to be established.

2.3.2. Renal Outer Medullary K* Channel

The apical renal outer medullary K* channel (ROMK) is required for NKCC2 to work properly,
as it allows the recirculation of K* ions taken up by NKCC2 into the lumen [75,88]. AMPK is an inhibitor
of ROMK by downregulating both channel activity and membrane abundance of the channel protein in
a heterologous expression system using Xenopus oocytes [158]. In vivo studies revealed that the AMPK
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effect on ROMK is relevant for the renal excretion of K* after an acute K* challenge, as upregulation
of renal ROMK1 protein expression and the ability of K* elimination were more pronounced in
AMPK«1-deficient than in wild-type mice [158].

2.4, Distal Tubule

2.4.1. Cystic Fibrosis Transmembrane Conductance Regulator

The ATP-gated and cyclic AMP (cAMP)-dependent C1~ channel cystic fibrosis transmembrane
conductance regulator (CFTR) participates in Cl~ secretion and is broadly known for its role in cystic
fibrosis, the pathophysiology of which is due to channel malfunction [74-76,159]. In the kidney,
CFTR contributes to Cl1~ secretion in the distal tubule and the principal cells of the cortical and
medullary collecting ducts [74,75,160]. AMPK has been demonstrated to inhibit CFTR-dependent Cl1~
conductance in Xenopus oocytes [159] and to decrease CFTR channel activity in the lung [161,162] and
colon [163]. cAMP-stimulated cell proliferation and CFTR-dependent Cl~ secretion play a decisive
role for epithelial cyst enlargement in autosomal dominant polycystic kidney disease (ADPKD) [164].
In line with this, AMPK activation inhibits CFTR in Madin-Darby canine kidney (MDCK) cells [165] as
well as decreases cystogenesis in murine models of ADPKD [165,166], suggesting a potential role for
pharmacological AMPK activation in the treatment of ADPKD [165,166].

2.4.2. Ca?* Transport

Most Ca?* is reabsorbed by passive paracellular diffusion along with other ions and water through
tight junctions in the proximal tubule and the more distal parts of the nephron [88,167]. Conversely,
only 5-10% of filtered Ca®* is reabsorbed by transcellular transport involving the apical transient
receptor potential vanilloid 5 channel TRPVS5 in the distal convoluted tubule [88]: Ca?* enters the cell
through TRPV5, whereas basolateral Ca?* efflux is accomplished by the Na*/ Ca?* exchanger (NCX)
and the Ca%*-ATPase [88,167,168]. AMPK has been shown to inhibit NCX and decrease Orail-mediated
SOCE in murine dendritic cells [169]. Therefore, it is tempting to speculate that Ca®* reabsorption
may be downregulated in the distal tubule in ATP deficiency [169,170]. Indeed, AMPK downregulates
Orail-dependent SOCE in T-lymphocytes [171], endothelial cells [45], and in osteoblast-like cells [56].
Since renal Orail activity contributes to kidney fibrosis [172], AMPK-mediated Orail downregulation
may also be therapeutically desirable.

2.5. Collecting Duct

2.5.1. Epithelial Na* Channel

In the collecting duct, fine tuning of Na® and K" homeostasis is accomplished by
epithelial Na* channel (ENaC) and ROMK K* channel. Both channels are controlled by the
renin-angiotensin-aldosterone system [173-175] regulating extracellular volume and hence arterial
blood pressure [173-177]. Na* reabsorption by ENaC in the late distal convoluted tubule and cortical
collecting duct principal cells is a highly energy-demanding process, as it utilizes the electrochemical
driving force generated by the basolateral Na* /K*-ATPase [74-76,176,178]. AMPK inhibits epithelial
Na* transport in various tissues, including lung [96,179], colonic [180], and renal cortical collecting duct
cells [180-183]. In line with this, AMPK«1-deficient mice exhibit increased renal ENaC expression [180].
In detail, AMPK downregulates ENaC surface expression by inducing the binding of the ubiquitin
ligase neural precursor cell expressed developmentally downregulated protein 4-2 (Nedd4-2) to ENaC
subunits, resulting in ENaC ubiquitination with subsequent endocytosis and degradation [177,180,184].
In line with this, activation of AMPK enhances the tubuloglomerular feedback and induces urinary
diuresis and Na* excretion in rats [185]. However, AMPKal -/~ mice with genetic kidney-specific
AMPK 2 deletion exhibit a moderate increase in diuresis and natriuresis, possibly because NKCC2
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activity is insufficient despite upregulated ENaC activity [186]. Taken together, AMPK activity limits
ENaC-dependent energy-consuming Na* reabsorption [177,180,181,185].

2.5.2. Voltage-Gated K* Channel

The voltage-gated K* channel (KCNQT1) is important for the cardiovascular system as well as
for electrolyte and fluid homeostasis and is expressed in the distal nephron including the collecting
duct [170,187-189]. Its exact role is ill-defined, although a contribution to cell volume regulation
is postulated [75,187]. Similar to ENaC, AMPK inhibits KCNQ1 via Nedd4-2, as demonstrated in
collecting duct principal cells of rat ex vivo kidney slices [187], MDCK cells [190], and Xenopus
oocytes [191].

2.5.3. Vacuolar H*-ATPase

The primary active vacuolar H*-ATPase (V-ATPase) is located at the apical membrane of proximal
tubule cells and collecting duct type A intercalated cells. It contributes to the regulation of acid-base
homeostasis by secreting H* ions into the tubular lumen [76,192,193]. AMPK inhibits the protein
kinase A (PKA)-dependent membrane expression of V-ATPase in collecting duct intercalated cells of rat
ex vivo kidney slices [193]. Moreover, epididymal proton-secreting clear cells, developmentally related
to intercalated cells, exhibit reduced apical membrane abundance of V-ATPase after in vivo perfusion
with the AMPK activator 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR) into
rats [194]. It appears to be likely that energy deficiency limits highly energy-consuming primary
active H* excretion in the proximal tubule, whereas secondary active NHE1-dependent H* secretion
is maintained, thereby keeping up at least anaerobic glycolysis [192]. The opposing effects of AMPK
and PKA on V-ATPase expression and activity in kidney intercalated cells can be explained by
different phosphorylation sites, as AMPK and PKA phosphorylate the A subunit at Ser-384 and
Ser-175, respectively [195,196]. McGuire and Forgac (2018) further demonstrated that AMPK increases
lysosomal V-ATPase assembly and activity in HEK293T cells under conditions of energy depletion [197].
In cells depleted of energy, acidification of autophagic intracellular compartments by V-ATPases
enables the lysosomal degradation of proteins and lipids to generate energy substrates for ATP
production [197,198]. Thus, it appears to be likely that AMPK-regulated V-ATPase activity depends on
its concrete cellular localization and function [197].

2.5.4. Water and Urea Handling

AMPK also regulates renal urea and water handling [76,199]. In the inner medullary collecting
duct, osmotic gradients are generated by NKCC2 and urea transporter UT-A1 and water is reabsorbed
through aquaporin 2 (AQP2) [76,156,199,200]. The concentration of urine requires the antidiuretic
hormone vasopressin, which binds to vasopressin type 2 receptors of collecting duct principal
cells, resulting in cAMP-mediated activation of PKA and subsequent phosphorylation and apical
membrane insertion of AQP2 and UT-A1 [76,156,199]. Congenital nephrogenic diabetes insipidus
(NDI) is a disease primarily caused by mutations of vasopressin type 2 receptors that is characterized
by renal resistance to vasopressin and limited urine concentrating capacity [156,201]. According
to two in vivo studies using rodent models of congenital NDI, the metformin-stimulated AMPK
activation ameliorates the ability of the kidney to concentrate urine by increasing the phosphorylation
and apical membrane expression of inner medullary AQP2 and UT-A1l [156,202]. In contrast,
an ex vivo treatment of rat kidney slices with AICAR led to reduced apical membrane insertion
of AQP2 [203]. Moreover, AMPK antagonizes the desmopressin-induced AQP2 phosphorylation
in vitro, thus also suggesting an inhibitory function of AMPK on AQP2 regulation [203]. It appears
likely that AMPK-independent effects of the pharmacological AMPK agonists contribute to this
discrepancy [156,202,203]. Thus, further studies are clearly required.
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3. Conclusions and Perspectives

A growing list of studies indicates the pivotal role of AMPK as a metabolic-sensing regulator
of a multitude of transport processes in the kidney [7,74-76,170]. Particularly, AMPK activation
under conditions of energy deficiency is expected to differentially modulate renal epithelial ion
transport in order to preserve cellular energy homeostasis (Figure 1) [7,74-76,94,170]. Alongside the
above discussed function of AMPK in kidney tubular transport, a variety of other transport proteins,
which are expressed in the kidney as well, are regulated by AMPK in extrarenal tissues [7,94,170,204]
that are reviewed elsewhere [170] and [7] and summarized in Table 1. Future studies are required
to focus on the therapeutic value of pharmacological AMPK manipulation to combat kidney
disease [74-76,205,206].
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Figure 1. Tentative model illustrating AMPK-dependent effects on renal transport along the
nephron. Cellular energy depletion (e.g., during hypoxia) leads to an elevated AMP/ATP ratio
and subsequent AMPK activation. AMPK in turn regulates a multitude of active and passive
epithelial transport processes along the renal tubular system in order to maintain cellular energy
homeostasis. Ion channels, transport proteins, and ATPases that are activated upon AMPK stimulation
are depicted as green icons, whereas red coloring indicates AMPK-dependent inhibition (see text
for details). AMP, 5"-adenosine monophosphate; AMPK, AMP-activated protein kinase; SGLT1,
Na*-dependent glucose cotransporter 1; V-ATPase, vacuolar H"-ATPase; CRT, creatine transporter;
NaPi-Ila, Na*-coupled phosphate transporter Ila; NHE1, Na*/H"* exchanger isoform 1; GLUT1,
glucose transporter 1; NKCC2, Na*-K*-2Cl~ cotransporter; ROMK, renal outer medullary K* channel;
CFTR, cystic fibrosis transmembrane conductance regulator; ENaC, epithelial Na* channel; KCNQ1,
voltage-gated K* channel; Nedd4-2, neural precursor cell expressed developmentally downregulated
protein 4-2; UT-Al, urea transporter Al; AQP2, aquaporin 2.
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Abbreviations

ADP Adenosine diphosphate

ADPKD Autosomal dominant polycystic kidney disease
AMPK 5'-adenosine monophosphate (AMP)-activated protein kinase
AQP2 Aquaporin 2

ATP Adenosine triphosphate

BGT1 Betaine /y-aminobutyric acid (GABA) transporter 1
CaMKKp CaZ*/ calmodulin—dependent protein kinase kinase
cAMP Cyclic adenosine monophosphate

ccRCC Clear cell renal cell carcinoma

CFTR Cystic fibrosis transmembrane conductance regulator
CRT Creatine transporter

EAAT3 Excitatory amino acid transporter 3

ENaC Epithelial Na* channel

ERK1/2 Extracellular-signal regulated kinases 1/2

FGF23 Fibroblast growth factor 23

GLUT Glucose transporter

HEK Human embryonic kidney cells

hERG Human ether-a-go-go-related gene

Kca Ca?* activated K* channels

KCNQ1 Voltage-gated K* channel

Kir Inwardly rectifying K* channels

Kv Voltage gated K* channels

LKB1 Liver kinase B1

MCT Monocarboxylate transporters

MDCK Madin-Darby canine kidney cells

NaPi-Tla Na*-coupled phosphate transporter

NCX Na*/Ca?* exchanger

NDI Nephrogenic diabetes insipidus

Nedd4-2 Neural precursor cell expressed developmentally down-regulated protein 4-2
NHE1 Na*/H* exchanger isoform 1

NKCC2 Na*-K*-2CI™~ cotransporter

PepT1 H*-coupled di- and tripeptide transporter 1

PKA Protein kinase A

ROMK Renal outer medullary K* channel

SGLT Na*-dependent glucose cotransporter

SMIT Na* coupled myoinositol transporter

SOCE Store-operated Ca®* entry

TAL Thick ascending limb

TREK-2 Tandem pore domain K* channel 2

TRPV5 Transient receptor potential vanilloid 5 channel
uT Urea transporter

V-ATPase Vacuolar H*-ATPase
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4 Discussion

4.1 The role of TNFa in driving HFD-induced FGF23 production

Deciphering the complex mechanisms underlying the regulation of FGF23 synthesis
comprises a vivid field of ongoing research, yet the knowledge of the interplay of systemic
factors and intracellular signaling pathways involved is still fragmentary. Although the exact
pathomechanisms remain to be elucidated, a growing body of evidence indicates that
infammation is a major trigger of FGF23 formation, particularly in disease states including CKD
[36, 170, 209, 210, 215]. Amongst other inflammation-related markers associated with CKD
progression [209, 210, 257], the pro-inflammatory cytokine TNFa is recognized as a potent
stimuli of FGF23 synthesis and secretion [36, 170].

Excess body weight in obesity is, along with other determinants such as hypertension
and diabetes [258], considered as an important risk factor for the onset and disease
progression in CKD [153, 154, 174]. It is commonly accepted that obesity, a feature of the
metabolic syndrome [253], is characterized by systemic low-grade inflammation [252, 259—
261]. Beyond its classical function as an energy storage depot, adipose tissue (AT) is
considered as an endocrine organ, capable to secrete a multitude of bioactive molecules,
collectively referred to as adipokines [262]. These factors are involved in diverse biological
processes (e.g., glucose metabolism, insulin signaling, appetite and satiety regulation,
inflammation, and angiogenesis) exhibiting local (autocrine/paracrine) effects within the AT or
endocrine actions as they are secreted into the circulation [261-263]. In obese states of
particular excess visceral adiposity, enlargement of adipocytes, owing to inappropriate lipid
accumulation and subsequent cell hypertrophy, causes a shift of the adipocyte secretion profile
towards an exaggerated production of pro-inflammatory adipokines including TNFa, IL-6, and
monocyte chemoattractant protein-1 (MCP-1) [254, 260, 263, 264]. On the contrary, the
secretion of anti-inflammatory and insulin-sensitizing adipokines, such as adiponectin, is
downregulated in obesity [260, 265, 266]. These pro-inflammatory conditions prime the
migration of immune cells, particularly macrophages, to the AT [260, 267]. In turn, infiltrated
macrophages synergistically release inflammatory cytokines such as TNFa and IL-6, thereby
aggravating the inflammatory microenvironment within the AT that propagates systemically
and plays a decisive role in the development of obesity-related comorbidities including type 2
diabetes and cardiovascular disease [252, 253, 260, 262, 263]. In addition, nutrient overload
in obesity and accompanied metabolic inflammation is not restricted to the AT. In fact, the liver
is another main site of increased TNFa production in obese states [268]. Along those lines,
obesity-related hepatic inflammation is considered as an important trigger for the development

of nonalcoholic steatohepatitis (NASH) and liver cirrhosis [251, 269].
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A dysregulated secretion of pro-inflammatory adipokines as observed in obesity has
also been implicated in the progression and severity of CKD, with TNFa being one of the most
critical mediators in this context [153, 270-273]. In fact, Roubicek et al. (2009) reported higher
amounts of subcutaneous and visceral AT TNFa mRNA expression levels as well as elevated
serum concentrations of TNFa, IL-6, MCP-1, and CRP in pre-obese patients with advanced
CKD, namely ESRD, compared to healthy control subjects [272]. Corroborating these findings,
Teplan and co-workers (2010) detected increased AT TNFa transcripts and increments in
circulating TNFa in obese CKD patients versus a non-obese CKD group [273]. Along those
lines, the aberrant release of pro-inflammatory cytokines in HFD-induced obesity may promote
renal injury and fibrotic remodeling of kidney tissue which contributes to progressive renal
failure in CKD development [153, 274]. Moreover, systemic elevations of TNFa, as seen in
obesity, are further implicated in the pathogenesis of insulin resistance and type 2 diabetes,
both important risk factors promoting CKD [150, 153, 271]. Taken together, both obesity and
CKD are suggested to be interlinked by common features of chronic subclinical inflammation,
indicating that both pathologies are mutually dependent [270, 273].

Furthermore, several clinical trials have demonstrated positive associations between
criteria of the metabolic syndrome, including excess body weight, and increased systemic
FGF23 levels [171-173], the latter of which are a hallmark of deteriorating kidney function in
CKD progression [117, 159]. In view of the aforementioned remarks, one might suggest a
putative key role of subclinical inflammation linking obesity and CKD with elevated FGF23
production. In this regard, the purpose of Paper 1 was to explore the role of low-grade
inflammation-associated TNFa production in HFD-induced FGF23 generation. Likewise to
recent observations in rats [275, 276], HFD feeding elicited a substantial surge in the serum
FGF23 concentration in wild-type (tnf**) mice. These findings prompted the question whether
obesity-related inflammation, as it is reported in mice after HFD administration [268, 277-279],
triggered the upregulation of FGF23 formation in tnf** mice. To this end, HFD treatment indeed
significantly elevated liver and, at least by tendency, AT Tnfa mRNA expression levels in tnf"*
animals (Paper 1), reflecting the induction of inflammatory processes, resembling a hallmark
feature associated with the metabolic syndrome [252, 253]. These findings were somewhat
remarkable as HFD-induced inflammation was evident after a relatively short period of only
three weeks of HFD feeding. In contrast, other investigations using similar murine models
observed features of HFD-associated hepatic and AT inflammation along with increments in
circulating TNFa levels only after a longer duration of respective dietary intervention (e.g., after
at least 16 weeks) [268, 274, 277].

Next, Paper 1 revealed that low concentrations of TNFa (0.5-10 ng/ml), mimicking low-
grade inflammatory conditions as apparent in obesity [261, 274, 277], elicited a dose-

dependent upregulation of Fgf23 transcription in rat UMR106 osteoblast-like cells.
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Corroborating this, Ito et al. (2015) observed similar stimulating effects of low-dose TNFa and
other pro-inflammatory cytokines on Fgf23 mRNA expression in mouse IDG-SW3 osteocyte-
like cells [36]. TNFa is a known activator and likewise target gene of the inflammation-related
transcription factor NF-kB [217, 218], whose intact signaling has been shown to be essential
for triggering TNFa-induced Fgf23 gene expression in the aforementioned study [36]. In
addition, it has recently been demonstrated that the upregulation of Fgf23 transcription in
UMR106 cells is mediated by NF-kB-sensitive SOCE, a pivotal mechanism regulating FGF23
formation, particularly facilitated by the CRAC channel protein Orai1 [226]. Hence, it is tempting
to speculate that the surge in Fgf23 transcript levels observed in TNFa-treated UMR106 cells
was, at least in part, facilitated by NF-kB-mediated Orai1-dependent SOCE. Therefore, it
appears plausible to address this putative mechanism in future investigations.

It is further reported that pro-inflammatory stimuli, including TNFa, IL-183, and LPS, are
capable to substantially induce Fgf23 expression in IDG-SW3 cells by concomitant
downregulation of negative transcriptional regulators of Fgf23, namely Phex, Dmp1, and
Enpp1 [36]. Consistent with this, a recent study employing primary cultures of murine
osteocytes also confirmed that TNFa is a potent trigger of Fgf23 mRNA expression, at least
partly, by blunting the expression of the Fgf23-suppressor Dmp1 [170]. According to these
data, it is conceivable that the TNFa-mediated upregulation of Fgf23 transcripts in UMR106
cells (Paper 1) was potentially attributed to inhibitory effects of TNFa on transcriptional
suppressors of Fgf23. It is further worth to mention that it has not been analyzed in this thesis
whether the stimulation of Fgf23 transcription upon incubation with TNFa translated into
enhanced FGF23 protein formation in UMR106 cells. However, TNFa is expected to increase
FGF23 protein expression. This notion is supported by Ito et al. (2015) who detected amplified
C-terminal FGF23 protein secretion in the supernatant of TNFa-treated IDG-SW3 cells,
whereas intact FGF23 was unaffected due to increased cleavage by furin-like proprotein
convertases [36]. Notably, TNFa triggered Galnt3 mRNA expression in this setting and in
primary murine osteocytes, thus rather suggesting facilitated O-glycosylation and thereby
stabilization of intact FGF23 than increased degradation [36, 170]. Along those lines, wild-type
mice were shown to exhibit increased plasma intact FGF23 concentrations when injected with
TNFa [170]. In view of the discrepancies between the aforementioned studies, further research
is warranted to clarify the conceivably differential role of TNFa in the transcriptional and post-
translational regulation of FGF23 synthesis in vitro and in vivo.

The pivotal role of TNFa in HFD-induced FGF23 generation postulated in Paper 1 was
further corroborated utilizing gene-targeted TNFa-deficient (tnf”") mice. Indeed, it could be
demonstrated that the stimulatory effect of HFD feeding on FGF23 production was markedly
suppressed in tnf”’~ mice compared to tnf** animals, indicating the relevance of TNFa in HFD-

mediated FGF23 formation. However, a significant surge in the serum FGF23 levels of HFD-

64



Discussion

fed TNFa-deficient mice compared to the control situation could also be observed. Hence, the
underlying mechanisms driving the HFD-induced FGF23 generation in these genetically
modified mice appeared not only to be TNFa-mediated. Therefore, apart from TNFa, a number
of other mediators implicated in obesity-related low-grade inflammation might also be involved
in this context. In this regard, recent evidence from both in vitro and in vivo studies suggests
that the pro-inflammatory cytokines IL-6 and IL-1B, which are upregulated in inflammatory
disorders such as HFD-induced obesity and CKD [209, 210, 262-264, 277, 278], are potent
stimulators of FGF23 formation [36, 213]. Moreover, HFD exposure to mice and rats is reported
to result in the formation of AGEs [280, 281], which are non-enzymatic glycation products of
proteins or lipids implicated in aging and the pathogenesis of metabolic diseases such as
diabetes [214, 280]. According to Li et al. (2005), HFD-induced AGE-generation is further
accompanied by enhanced cardiac and hepatic p38MAPK activation [280]. Intriguingly, both
AGEs and p38MAPK have recently been described as stimulators of FGF23 formation,
putatively mediated by the pro-inflammatory transcription factor NF-kB [214, 220]. These data
thus indicate another possible link by which HFD feeding conferred FGF23 upregulation in
tnf”~ mice (Paper 1).

In addition, insights from several in vivo investigations suggest that the kidneys are
susceptible to the detrimental effects of high-caloric HFD administration as displayed by the
induction of renal inflammation and fibrotic remodeling [271, 274, 282—-284]. In more detail,
HFD feeding has been shown to be associated with renal upregulation of the pro-fibrotic
marker TGF-31, which is also regarded as a pro-inflammatory adipokine [263, 285], along with
decreased activity of the cellular energy sensor AMPK [274, 282, 284]. As a matter of fact, the
isoform TGF-B2 has lately been revealed to induce FGF23 synthesis in UMR106 cells [227],
and within the scope of this thesis, AMPK suppression has been identified as a novel
mechanism triggering FGF23 production (Paper 2). Given these data, it appears to be likely
that pro-fibrotic mechanisms (possibly mediated by TGF-B1 similar to TGF-p2 [227]), pro-
inflammatory signaling pathways, and detrimental effects on AMPK activity synergized in the
HFD-induced upregulation of FGF23 formation in tnf** mice and particularly in tnf”~ animals
as observed in Paper 1. However, further investigations addressing these potential intertwined
mechanisms are necessary.

The results obtained from Paper 1 demonstrated the significance of TNFa and the
respective induction of inflammation in the augmented FGF23 production triggered by an
energy-dense HFD. While there is solid experimental evidence that inflammation is a major
trigger of FGF23 formation [36, 170, 209], recent data indicate that FGF23 itself is capable to
induce pro-inflammatory cytokine production from hepatocytes [81, 111], cardiomyocytes
[195], and immune cells [83, 112]. In detail, Mattinzolli et al. (2018) observed increased mRNA

expression of TNFa and /L-6 in cultured hepatocytes in response to FGF23 administration
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[111], an effect preferably mediated via the FGFR4-PLCy-calcineurin-NFAT signaling pathway
independent of a-Klotho [81]. It has further been shown that FGF23 promotes TNFa production
in macrophages [83, 112]. Along those lines, liver tissue contains specialized resident
phagocytic macrophages called Kupffer cells capable to secrete pro-inflammatory cytokines
such as TNFa [113]. Furthermore, nutrient overload in obesity — as mimicked by HFD feeding
in Paper 1 —is reported to lead to hepatic macrophage recruitment along with increased TNFa
production [251, 268, 286]. Although it has yet to be determined, it could be hypothesized that
the surge in liver Tnfa transcripts displayed in HFD-fed tnf* mice (Paper 1) may not only be
attributed to the high-caloric dietary intervention, but also, at least to some extent, secondarily
mediated by the observed elevated FGF23 generation, that would have, in turn, potentially
provoked hepatocyte- and macrophage-derived TNFa production in the liver of the respective
animals. Vice versa, increased hepatic TNFa formation is expected to accelerate osseous
FGF23 secretion, implicating a vicious cycle that aggravates both systemic inflammation and
excess FGF23 levels as seen in patients with obesity and CKD [81, 171, 175]. Furthermore,
Mattinzolli et al. (2018) showed that FGF23 is expressed in the liver but not secreted [111],
thus likely playing an autocrine and/or paracrine role in hepatic tissue acting via the FGFR4-
PLCy-calcineurin-NFAT signaling pathway as discussed above [81] and similar to what has
been suggested for myocardiac tissue [108]. Notably, intact calcineurin-NFAT signaling is
reported to be crucial for FGF23 synthesis, at least in UMR106 cells [221]. Although it has to
be explored in future studies, it can be speculated that FGF23 production in the liver, once
initially triggered by local inflammatory stimuli such as TNFa (Paper 1), might promote its own
synthesis in a potential paracrine feed-forward loop involving the calcineurin-NFAT signaling
pathway and thereby would likewise affect hepatic TNFa production.

As outlined above, body fat accumulation in obesity is accompanied by pro-
inflammatory cytokine secretion by both adipocytes and macrophages infiltrated in the AT [260,
267, 279]. Intriguingly, there is evidence that FGF23 is expressed by both adipocytes [287]
and pro-inflammatory macrophages [83] and is additionally capable to induce TNFa production
in macrophages [83, 112]. Similar to what has been afore postulated for the liver, it appears
reasonable that the HFD-induced tendency upon elevated AT Tnfa transcripts in tnf** mice
(Paper 1) was possibly attributed to, at least in part, reciprocal effects of upregulated FGF23
formation towards stimulated TNFa production in both adipocytes and macrophages within the
AT. Whether there are interregulatory autocrine and/or paracrine effects of FGF23 contributing
to potential pro-inflammatory feed-forward loops involving different cell types within the AT of
HFD-fed mice, and possibly in obese subjects, is currently unknown and thus needs to be
addressed in future studies.

It is well documented that FGF23 acts as a suppressor of circulating calcitriol levels by

controlling renal expression of key enzymes of calcitriol synthesis and degradation [34, 47, 48].
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As expected, and similar to what has recently been observed in HFD-fed rats [275, 276], HFD
administration resulted in significantly lower serum calcitriol concentrations in both genotypes
compared to mice on control diet (Paper 1). This finding could be most likely explained by a
reduction in calcitriol synthesis secondary to the increased FGF23 generation triggered by
HFD feeding [275, 276]. Considering the high prevalence of vitamin D deficiency in obesity
and associated deleterious health effects particularly on the cardiovascular system [288—290],
the modulation of circulating calcitriol levels by HFD-stimulated FGF23 formation may be of
high medical relevance [291].

Given that FGF23 induces phosphaturia and is therefore expected to elicit
hypophosphatemia [34, 48, 49, 51], it is remarkable that HFD administration in both genotypes
increased circulating FGF23 levels without altering serum phosphate levels (Paper 1).
Similarly, Raya et al. (2016) also revealed no changes in urinary phosphate excretion and
serum phosphate concentrations despite increments in circulating FGF23 levels in rats
received a HFD [275]. Accordingly, the authors detected reduced protein expression of a-
Klotho, the obligate co-receptor for FGF23, in the kidneys of HFD-exposed rats, suggesting
renal resistance to the phosphaturic action of FGF23 elicited by HFD feeding, and thus
explaining the absence of hypophosphatemia [275]. Given these data, it is conceivable that
similar mechanisms were responsible for the lack of hypophosphatemia observed in the
present study (Paper 1). However, additional investigations by means of assessing functional
parameters related to the phosphaturic action of FGF23, such as determining urinary
phosphate excretion as well as detecting renal protein abundance of NaPi-lla and a-Klotho in
HFD-fed mice, are warranted to provide additional mechanistic insights into the tight regulation
of phosphate homeostasis in view of the HFD-stimulated FGF23 upregulation demonstrated
in Paper 1. Future research should also contemplate other animal models with CKD-
associated features or rather consider clinical trials in order to expand the relevance of HFD-
induced FGF23 production in the context of progressive renal failure in CKD [292].

It is important to mention that HFD feeding for only 3 weeks caused a significant but —
compared to other studies that used longer periods of HFD exposure [268, 274] — moderate
increase in total body weight (Paper 1). Furthermore, the weight gain in tnf*”* mice was more
pronounced than in gene-targeted mice devoid of TNFa. Intriguingly, the body weight of tnf
mice was almost unchanged after three weeks of HFD feeding as the animals displayed a
relative weight gain by only some 0.7%. It is therefore remarkable that an energy-dense HFD
was sufficient to substantially increase the formation of FGF23 in tnf’~ mice despite the
absence of clear indicators of obesity. It appears essential to consider these somewhat
contradictory findings along with the dietary composition of the HFD (purchased from Altromin,
Lage, Germany; C1090-70; https://altromin.com/pdf/en/C1090-70foao) used in the present

study. In fact, this commercially available HFD contains 70% energy from fat primarily derived
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from saturated fatty acids (SFAs) such as palmitic and stearic acid. These lipid compounds,
particularly palmitic acid, are known activators of NF-kB as demonstrated in AT, adipocytes,
and macrophages, thereby fostering the production of pro-inflammatory cytokines, such as IL-
6 [293-295], which is, in turn, a potent stimulator of FGF23 synthesis [213]. Future
examinations should therefore aim to assess circulating IL-6 levels in HFD-fed tnf”~ mice.

Another possible explanation by which the SFA palmitic acid may have contributed to
the exaggerated FGF23 production in HFD-fed tnf”~ mice might be considered in the context
of its impact on the anti-inflammatory and insulin-sensitizing adipokine adiponectin [260, 263].
In fact, palmitic acid inhibits adiponectin gene and protein expression in cultured adipocytes
[296, 297]. Corroborating this, diets rich in SFAs are reported to lower circulating adiponectin
levels both in rodents and tendentially in humans [296, 298, 299]. In light of the fact that
adiponectin is known to activate the cellular energy sensor AMPK [300, 301], which has been
revealed as a negative regulator of FGF23 synthesis within the scope of this thesis (Paper 2),
it is tempting to speculate that the elevated serum FGF23 levels observed in HFD-fed tnf”/~
mice (Paper 1) might be, at least in part, due to the repression of adiponectin production
induced by palmitic acid present in the diet. Assuming this, reduced adiponectin secretion
would then be expected to attenuate AMPK activation, which would, in turn, lead to enhanced
FGF23 formation. Nonetheless, it is a task for future studies to better characterize the impact
of distinct nutritional compounds, particularly dietary fatty acids, in the regulation of FGF23
formation.

Taken together, the data presented in Paper 1 confirmed the crucial role of TNFa and
the respective induction of low-grade inflammatory processes in the elevated FGF23
production induced by HFD feeding. These novel insights strengthen the concept that the
increments in circulating FGF23 levels in subjects displaying pathologic derangements
associated with chronic inflammation as observed in obesity and CKD [170-172, 210] are in
large part attributed to the pro-inflammatory cytokine TNFa. In light of its pathophysiological
implications in renal, metabolic, and cardiovascular diseases [155, 172], monitoring of
circulating FGF23 concentrations in obese subjects may serve as a reasonable clinical
indicator in the risk assessment of obesity and its related complications including CKD [153,
171].

4.2 AMPK - a novel regulator of FGF23 production

AMPK is an ubiquitously expressed serin/threonine protein kinase and serves as a
master sensor of cellular energy homeostasis [236, 237]. Under conditions of energy
deficiency — indicated by an increased intracellular AMP/ATP and ADP/ATP ratio — AMPK is

activated to restore cellular energy balance by promoting catabolic processes associated with
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ATP production (e.g., glycolysis and fatty acid oxidation) [236, 238-241, 302]. Vice versa,
anabolic and energy-consuming pathways, such as gluconeogenesis, lipogenesis, and protein
synthesis, are downregulated upon AMPK activation [238, 242, 243]. Besides its pivotal role
in the regulation of energy metabolism, AMPK is highly relevant in various pathologies
including CKD [255, 256, 284], cardiac hypertrophy [303—305], and diabetes [306], to name a
few, and thus appears as a promising pharmacological target in various disease settings [255,
306, 307].

With regard to kidney pathophysiology, growing evidence from experimental CKD
models indicates that renal AMPK activity is downregulated in CKD [256, 308, 309].
Considering the fact that obesity represents a major risk factor for CKD [153], it is suggested
that nutrient overload causes detrimental effects on AMPK activity in renal and extrarenal
tissues [307, 310]. Along those lines, in vivo studies using animal models of obesity-induced
kidney injury have demonstrated fibrotic and inflammatory remodeling accompanied with
suppressed AMPK activity in the kidneys of HFD-fed mice [284, 311]. Vice versa,
pharmacological activation of AMPK by metformin exerts renoprotective effects and
ameliorates renal fibrosis and inflammation induced by HFD administration [311]. Based on
the findings that energy excess in terms of HFD feeding markedly stimulated FGF23 formation
in mice (Paper 1) and given that elevated FGF23 levels are a clear indicator of declining kidney
function in CKD [100, 119], the second study presented in this thesis sought to investigate the
role of AMPK in the regulation of FGF23 synthesis and its pathophysiological implications in
the context of CKD.

As a prerequisite to study the influence of AMPK on FGF23 formation in vitro, it could
be demonstrated that rat UMR106 osteoblast-like cells express functional heterotrimeric AMPK
as determined by a distinct subunit expression pattern (Paper 2). Based on this,
pharmacological activation of AMPK by 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) [312] markedly decreased Fgf23 gene expression, whereas AMPK inhibition by
compound C [310] as well as joint siRNA-mediated gene silencing of the catalytic subunits
Ampka1 and Ampka?2 significantly increased Fgf23 transcription (Paper 2). Corroborating
these in vitro findings, it could be revealed that gene-targeted mice devoid of functional
Ampka1 (ampk™™ mice) display substantially higher bone Fgf23 transcript levels compared to
their wild-type (ampk**) counterparts. As the bone represents the major source of circulating
FGF23 [75], elevated osseous Fgf23 gene expression in ampk™™ mice consequently translated
into significantly higher serum concentrations of C-terminal and intact FGF23 compared to
ampk** mice. These findings clearly demonstrate that AMPK functions as a hitherto unknown
regulator of FGF23 formation both in vitro and in vivo.

In an attempt to elucidate the underlying mechanism involved in the AMPK-mediated

downregulation of Fgf23 gene expression in UMR106 cells, it was explored whether AMPK
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stimulation affects Orai1-sensitive SOCE, a mechanism that has been verified as an essential
feature in the regulation of FGF23 in multiple studies [196, 207, 226, 227]. Similar to previous
observations in other cell types [249, 313, 314], AMPK activation by AICAR significantly
attenuated SOCE as estimated by Fura-2-dependent intracellular Ca?* imaging (Paper 2). As
described earlier, the cellular machinery accomplishing SOCE involves oligomerization of the
ER Ca?" depletion-sensing protein STIM1 and subsequent activation of the cell membrane-
located CRAC channel protein Orai1 [228, 231]. As a matter of fact, cell membrane abundance
of Orai1 was diminished in UMR106 cells stimulated with the AMPK activator AICAR (Paper
2). Confirming this, T-lymphocytes and dendritic cells from ampk™" mice are reported to exhibit
significantly higher cell surface expression of Orai1 along with increased SOCE compared to
cells isolated from ampk** mice [313, 314].

Membrane-bound Orai1 is known to be subjected to ubiquitination and subsequent
proteasomal degradation facilitated by the ubiquitin ligase neural precursor cell expressed
developmentally down-regulated protein 4-2 (Nedd4-2) [315, 316]. Along those lines, AMPK
has been shown to stimulate Nedd4-2 and thereby fosters the degradation of various ion
channels including the epithelial Na® channel (ENaC) [317, 318] and the voltage-gated
potassium (K*) channel KCNQ1 (K* voltage-gated channel subfamily Q member 1) [319]. In
light of these data, it is conceivable that AMPK enhanced Nedd4-2-mediated endocytic
retrieval of Orai1 from the plasma membrane and was thereby effective to reduce SOCE in
UMR106 cells. Further in vitro approaches employing siRNA-targeted gene silencing of
endogenous Nedd4-2 and subsequent assessment of SOCE-dependent Ca?* influx upon
treatment with AICAR would help to verify this hypothesis. In addition, Paper 2 clarified that
pharmacological blockage of SOCE by 2-aminoethoxydiphenyl borate (2-APB) and N-
propylargylnitrendipine (MRS 1845) as well as specific Orai1 inhibition by AnCoA4 significantly
blunted the stimulatory effect of compound C-mediated AMPK inhibition on Fgf23 transcription.
These data clearly demonstrate that the inhibitory effect of AMPK on Fgf23 gene expression
in UMR106 cells is in large part achieved by attenuation of Orai1-sensitive SOCE. Confirming
this, activation of the anti-inflammatory transcription factor peroxisome proliferator-activated
receptor a (PPARa) by fenofibrate has most recently been shown to suppress Fgf23 gene
expression in UMR106 cells via AMPK-mediated downregulation of SOCE [320].

Although it has not been addressed in the present study, it can be hypothesized that
the pro-inflammatory transcription factor NF-kB might participate as a molecular link mediating
the inhibitory effect of AMPK on Fgf23 gene transcription. In fact, NF-kB activation contributes
to inflammatory cytokine-induced FGF23 formation in IDG-SW3 osteocytes [36]. Moreover,
NF-kB is reported to stimulate the gene expression of Orai1 and its activator STIM1 [321].
Along those lines, Fgf23 gene expression in UMR106 cells is upregulated by NF-kB-sensitive
Orai1-dependent SOCE [226]. As AMPK is a known suppressor of NF-kB [322, 323], it can be
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speculated that the inhibitory effect of AMPK on Orai1-sensitive SOCE and the concomitant
downregulation of FGF23 formation in AICAR-treated UMR106 cells was, at least in part, due
to AMPK-mediated suppression of NF-kB.

Cytosolic Ca?* influx via SOCE is related to calcineurin activation and downstream
dephosphorylation and nuclear translocation of the transcription factor NFAT [231, 235]. Of
note, inhibition of calcineurin-NFAT signaling has recently been shown to decrease FGF23
production in UMR106 cells [221], indicating that calcineurin serves as a stimulatory regulator
of FGF23 formation. Furthermore, calcineurin is reported to suppress AMPK in cardiomyocytes
[324]. Along those lines, inhibition of AMPK by pharmacological manipulation, siRNA-mediated
gene silencing, as well as Ampka1 ablation in genetically modified mice induced FGF23
formation both in vitro and in vivo (Paper 2). Hence, decreased intracellular Ca?* influx via
AMPK-mediated downregulation of Orai1-dependent SOCE and subsequent suppression of
Fgf23 gene expression in UMR106 cells might, at least theoretically, be associated with
attenuated calcineurin activation, which would, in turn, be expected to decrease FGF23
formation [221]. This notion would suggest a putative crosstalk between AMPK and
calcineurin-NFAT signaling involving a negative feedback loop regulating FGF23 synthesis
based on Orai1-sensitive SOCE. Notably, this hypothesis is supported by recent in vivo data
from Choi et al. (2018) who observed that Orai1-deficient mice display significantly decreased
gene expression of osteocytic Fgf23 and concomitantly reduced nuclear localization and
transcriptional activity of NFAT1c in corresponding primary calvarial osteoblasts [325].
Nevertheless, additional studies are necessary to confirm a potential interaction of AMPK and
the calcineurin-NFAT axis in the regulation of FGF23 synthesis.

The notion that AMPK may participate in a negative feedback regulation of cytosolic
Ca?* activity [313] is further corroborated by findings of Sundivakkam and co-workers (2013)
[249]. In this study, SOCE activation in endothelial cells caused AMPK activation and
subsequent phosphorylation of ER-localized STIM1, which, in turn, terminated SOCE [249].
Consistent with this, AICAR-stimulated AMPK activation downregulated SOCE in UMR106
cells (Paper 2). As AMPK is activated upon cellular energy stress [236, 238], it fits the concept
that AMPK limits cytosolic Ca?* influx in states of energy deprivation. Along those lines, AMPK-
mediated inhibition of SOCE is thus predicted to counteract intracellular Ca?* store depletion
that would occur in terms of energy deficiency due to impaired Ca?* removal from the cytosol
into intracellular stores caused by compromised activity of ATP-consuming SERCA [326]. In
that respect, it seems not surprising that energy-consuming FGF23 synthesis [189] is
diminished during energy depletion as determined by AMPK activation according to the data
obtained from Paper 2. In line with this, Vidal et al. (2020) most recently demonstrated the
pivotal role of energy availability in the regulation of FGF23 production [291]. In fact, energy

intake significantly correlated with plasma FGF23 levels in rats fed diets with different caloric
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content [291], an effect consistent with the HFD-induced upregulation of FGF23 observed in
Paper 1. Intriguingly, further experiments with UMR106 cells revealed that inhibition of the
mechanistic target of rapamycin (mTOR) signaling pathway, which mimics caloric restriction
[327], reduced Fgf23 gene expression similarly to values observed in cells cultured in low
glucose medium [291]. Since cellular ATP depletion results in AMPK activation and
downstream inhibition of mTOR signaling [328], the observations of Vidal et al. (2020) reinforce
the contention that the AMPK-mTOR axis appears as an essential mechanistic link integrating
the inhibitory effects of energy deprivation on FGF23 synthesis [291].

In addition, Paper 2 provides novel insights concerning the role of AMPK-dependent
FGF23 regulation in renal phosphate handling in the context of CKD. Confirming the in vitro
findings, genetic deletion of Ampka1 resulted in elevated FGF23 formation in ampk™ mice
compared to ampk** mice. Although increased FGF23 production is expected to impact on
parameters of phosphate metabolism [100, 119, 160], serum phosphate levels, urinary
phosphate excretion, as well as circulating concentrations of calcitriol and PTH did not
significantly differ between ampk™ and ampk** mice. However, these findings resemble the
clinical observations in early CKD stages to that extent as increments in circulating FGF23
levels precede determinants of declining kidney function such as hyperphosphatemia and
elevated PTH secretion [92, 100, 101, 302]. In addition to increased FGF23 production, there
is evidence indicating that renal AMPK activity is suppressed in CKD [255, 256, 302, 308].
Hence, ampk™ mice displaying elevated FGF23 levels appear as a suitable animal model to
study pathophysiological alterations resembling those seen in patients with moderate CKD
[302]. Along those lines, it can be speculated that the increased FGF23 production in CKD is
not only a compensatory response for declining kidney function to maintain renal phosphate
elimination and thus phosphate homeostasis [5, 100, 160], but might also, at least in part, be
attributed to suppressed AMPK activity as seen in CKD [255, 256].

Targeting the proximal tubule, the phosphaturic and thus serum phosphate lowering
action of FGF23 is mainly accomplished by a-Klotho/ERK1/2-dependent inhibition of the
secondary active phosphate transporter NaPi-lla [33, 49, 51, 61, 329]. Despite substantially
higher FGF23 levels in ampk™ mice than in ampk** mice, Ampka1 deficiency did not affect
either renal a-Klotho/ERK1/2 signaling, cellular localization of proximal tubular NaPi-lla or
functional determinants of phosphate homeostasis (Paper 2), thus indicating some degree of
renal resistance to FGF23. Notably, AMPK is reported to downregulate both the membrane
expression and electrogenic activity of NaPi-lla, thereby limiting energy-consuming renal
tubular Na*/phosphate reabsorption during energy depletion [330]. Hence, it can be speculated
that the assumed phosphate-reclamating impact of Ampka1 deficiency likely outweighed the
phosphaturic effect of concomitantly increased FGF23 production in ampk™ mice, thereby

possibly explaining the tendentially higher serum phosphate levels in ampk™ mice compared
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to ampk** mice under high phosphate diet. Moreover, it should be kept in mind that high
phosphate diet feeding caused a dramatical surge in the serum concentration of C-terminal
FGF23 in ampk™ mice compared to ampk** mice. These findings suggest increased cleavage
of biologically active full-length FGF23, resulting in increased secretion of inactive C-terminal
FGF23 fragments. Given the similarity to the clinical picture of HFTC as defined by a primary
deficiency of intact FGF23 accompanied by hyperphosphatemia due to inactivating GALNT3
mutations and subsequent increased FGF23 degradation [56, 145, 149], future studies are
needed to clarify whether alterations in the post-translational regulation of FGF23 synthesis
contributed, at least in part, to the exaggerated C-terminal FGF23 levels and, in turn, promoted
the tendency of hyperphosphatemia in ampk™ mice under high phosphate diet. Nevertheless,
in light of the proposed tendency of renal FGF23 resistance in ampk™ mice, it appears
reasonable that the increased FGF23 production in ampk™~ mice could not compensate for the
dietary phosphate loading, ultimately leading to enhanced phosphate retention as it is
expected for renal Ampka1 deficiency [330].

Notably, Paper 2 revealed that elevated FGF23 levels in Ampka1 deficiency are
paralleled by indicators of cardiac hypertrophy, a finding resembling a severe sequela of CKD
which contributes to the augmented cardiovascular mortality in these patients [38, 118, 155,
331]. In fact, ampk™" mice exhibited significantly higher heart weight and increased myocyte
diameter than ampk** mice. These findings are corroborated by data from other studies
reporting that FGF23 induces pathologic cardiac remodeling, in particular LVH, via activation
of the PLCy-calcineurin-NFAT signaling axis [80, 109]. In the present study, however, cardiac
PLCy activity was not found to be different between the genotypes, indicating that other
mechanisms might have been more relevant accounting for the observed moderate cardiac
hypertrophy in ampk™" mice.

According to the results from Zhang et al. (2008) and Zarrinpashneh et al. (2008),
AMPK, in particular Ampka2, exerts a cardioprotective effect as it antagonizes the
development of LVH and myocardial fibrosis by attenuating the activation of mTOR signaling
[303, 304], which is implicated in promoting cell growth and myocardial hypertrophy [332, 333].
Vice versa, genetic ablation of Ampka2 exacerbates pathologic cardiac remodeling in mouse
models of experimental LVH [303, 304]. It should be taken into account that the in vivo data
obtained from Paper 2 refer to AMPKa1-deficient mice. In light of the aforementioned studies,
it is, however, tempting to speculate that Ampka1 counteracts cardiac hypertrophy similarly to
Ampka2 in a mTOR-dependent manner. Nonetheless, it requires further study to assess the
pathophysiological relevance of moderate heart hypertrophy in ampk™ mice in relation to
functional parameters such as echocardiographic or hemodynamic data.

Although high FGF23 levels in ampk™™ mice appeared to play only a minor role in the

context of cardiac hypertrophy (Paper 2), it is of note that, opposite directional, LVH itself is a
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stimulator of myocardial FGF23 expression [334]. Confirming this, Leifheit-Nestler et al. (2016)
showed that LVH is associated with enhanced cardiac FGF23 expression and activation of
FGFR4-mediated calcineurin-NFAT signaling in CKD patients [38]. According to these data, it
needs to be addressed in future studies whether hypertrophic cardiomyocytes of ampk™" mice
are a source of augmented FGF23 production and may therefore — on a long term basis —
potentially contribute to the development of LVH in a paracrine manner involving the
calcineurin-NFAT signaling axis [38].

In summary, Paper 2 unveiled that the cellular energy sensor AMPK functions as a
negative regulator of FGF23 synthesis both in vitro and in vivo. Given its inhibitory role in
FGF23 regulation, pharmacological activation of AMPK appears as a promising therapeutic
approach to combat elevated FGF23 production in CKD and associated cardiovascular
complications including LVH [108, 155]. According to data from experimental studies and
clinical trials, it is reported that metformin, an established insulin-sensitizing drug known to
activate AMPK, may exert beneficial effects in CKD as it ameliorates renal inflammation and
fibrosis [307, 309, 311, 335] and attenuates cardiac hypertrophy [336]. In light of the fact that
inflammation [36, 170, 213, 226], the pro-fibrotic factor TGF-B2 [227] as well as cardiac
hypertrophy [334] are triggers of FGF23 production, it is a task for future studies to elucidate
whether the reno- and cardioprotective effects of metformin are potentially related to AMPK-
dependent downregulation of FGF23 [335].

4.3 AMPK - a major regulator of renal tubular transport and

potential interactions with FGF23

As demonstrated in Paper 2, AMPK has been unveiled as a negative regulator of the
phosphaturic hormone FGF23. In light of the fact that FGF23 mainly targets the kidney and
participates in the homeostatic regulation of calcitriol and mineral metabolism [33, 47, 48, 51,
78, 79], Paper 3 sought to address the question whether AMPK is directly involved in renal
tubular transport. To this end, comprehensive data from experimental in vitro and in vivo
approaches were analyzed and summarized in a review article.

A major function of the kidney is the reabsorption and secretion of electrolytes and ions,
thereby ensuring whole body mineral and acid-base homeostasis [337, 338]. Renal
transepithelial transport is mainly facilitated by ATP-dependent transport proteins, which
account for the large energy consumption of the kidneys [339, 340]. Therefore, the energy
sensor AMPK is primarily implicated to limit ATP-requiring renal tubular transport to conserve
cellular energy in states of metabolic stress [255, 339, 341]. In particular, AMPK is reported to

inhibit secondary active Na*-dependent transporters along all nephron segments including the

74



Discussion

creatine transporter (CRT) [342], NaPi-lla [330], and ENaC [318, 343, 344]. On the other hand,
AMPK is suggested to enhance renal glucose reabsorption [339, 345, 346], thereby ensuring
the reclamation of energy-providing glucose in order to maintain the transmembrane Na*
gradient generated by ATP-demanding Na*/K*-ATPase [339].

Given that both FGF23 and AMPK differentially impact on renal tubular transport [33,
255, 339], it seems plausible that there might be interrelations between AMPK and FGF23
regarding the regulation of renal mineral balance. Therefore, renal function parameters of
ampk** and ampk™ mice obtained from Paper 2 need to be considered in more detail. As
delineated in Paper 3, AMPK is reported to reduce renal tubular Na* reabsorption presumably
by decreasing the expression and activity of ENaC located at the apical plasma membrane in
renal cortical collecting duct cells [318, 339, 343, 344, 347]. Hence, activation of AMPK fosters
urinary Na* excretion [348]. However, serum Na* concentration as well as urinary Na* excretion
were not significantly different between ampk** and ampk™ mice (Paper 2). These findings
were somewhat surprising in light of the fact that Ampka1 deficiency would be expected to
result in increased renal ENaC expression [318], which would entail decreased urinary Na*
excretion, and, in turn, increased renal Na* reabsorption followed by elevated serum Na*
levels. In addition, renal Na* reclamation and serum Na* concentration would be assumed to
be synergistically increased in ampk™™ mice due to the observed increments in circulating
FGF23, the latter of which is reported to facilitate ERK1/2-mediated distal tubular Na* uptake
via augmented NCC expression and activity [79]. The lack of hypernatremia in Ampka1
deficiency may, at least in part, be explained by the fact that ampk™™ mice displayed some
degree of renal resistance to FGF23 as FGF23-downstream activation of renal ERK1/2
signaling [33] appeared to be similar in ampk™" and ampk** mice despite significantly elevated
FGF23 levels in ampk™ mice (Paper 2). Inhibition of distal tubular ERK1/2 signaling would, in
turn, lead to reduced NCC activation [79], followed by attenuated renal Na* reabsorption,
thereby potentially counteracting hypernatremia in ampk™" mice.

Moreover, there is evidence indicating that AMPK stimulates the expression and activity
of the Na*-K*-2ClI" cotransporter (NKCC2), which fosters salt retention in the thick ascending
limb of the loop of Henle [349-352]. Vice versa, it can be speculated that NKCC2-mediated
Na* retention was reduced in ampk™” mice, indicating another possible compensatory
mechanism to prevent perturbations of mineral metabolism in Ampka1 deficiency.
Nonetheless, it is a task for future studies to elaborate on the hypothetical regulation of the
aforediscussed renal ion transport proteins in ampk™ and ampk** mice in order to elucidate
potential interdependent interactions between FGF23 and AMPK in the homeostatic regulation

of mineral metabolism.
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4.4 Conclusion

FGF23 is nowadays not only considered as a phosphaturic hormone but also as a key
player in the pathogenesis of inflammatory diseases including CKD and related cardiovascular
comorbidities [47, 152, 155, 209]. Unravelling the underlying mechanisms involved in the
regulation of FGF23 synthesis in health and disease setttings is of particular scientific interest
as it provides the molecular basis for the development of innovative therapeutic approaches
aimed at the treatment of FGF23-related pathologies. To this end, the present study sought to
elucidate novel regulators of FGF23 production in the context of HFD-induced inflammation,
the metabolic sensor protein AMPK, and potential implications in renal tubular transport.

Based on the three publications presented in this thesis, the main objectives of this

work were substantially answered:

1) What is the relevance of HFD-induced inflammation on FGF23 production?

In an animal model of metabolic syndrome-associated low-grade inflammation, it could
be demonstrated that HFD feeding stimulates the production of FGF23 in wild-type mice, an
effect in large part attributed to hepatic induction of the pro-inflammatory cytokine TNFa. It was
also shown that low concentrations of TNFa induce Fgf23 gene expression in UMR106
osteoblast-like cells. In addition, it could be revealed that the surge in serum FGF23 following
HFD feeding was more pronounced in wild-type mice than in tnf”’~ mice, confirming the
significance of HFD-induced TNFa formation in FGF23 upregulation. In light of the data
obtained from Paper 1, future clinical investigations are needed to prove whether caloric
restriction and weight loss, respectively, might appear as useful non-pharmacological
interventions to lower FGF23 levels by means of reducing the risk for CKD in overweight and/or

obese subjects.

) What is the impact of AMPK in the regulation of FGF23 synthesis and what are
the underlying mechanisms involved?

The cellular energy sensor AMPK has been revealed as a novel inhibitory regulator of
FGF23 formation both in vitro and in vivo. Specifically, AMPK has been proven to downregulate
Fgf23 gene expression in UMR106 cells via inhibition of Orai1-mediated SOCE. In line with
the in vitro findings, it was verified that osseous Fgf23 expression as well as circulating FGF23
levels are markedly increased in AMPKa1-deficient mice compared to wild-type counterparts.
Moreover, the concurrent appearance of elevated FGF23 serum levels, moderate cardiac
hypertrophy but unaltered phosphate metabolism and gross normal renal function in AMPKa1
deficiency conforms, to some extent, the clinical features of early CKD stages. In conclusion,

the findings of Paper 2 indicate that AMPK appears as a putative molecular target linking whole
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body energy homeostasis with the regulation of FGF23 synthesis and accompanied
pathologies including CKD and cardiovascular comorbidities. Given that renal AMPK activity
is reported to be reduced in CKD, it is of high clinical interest and thus a task for future studies
to investigate whether pharmacological AMPK activation might serve as a promising

therapeutic strategy in the treatment of exaggerated FGF23 production in CKD.

11)] Is there a possible interrelation between AMPK and FGF23 concerning the
homeostatic regulation of renal mineral handling?

As extensively delineated in Paper 3, AMPK acts not only as an ubiquitously expressed
sensor of cellular energy status, but also participates in a multitude of renal tubular ion
transport processes. Along those lines, AMPK appears as a decisive molecular target linking
the maintenance of cellular energy homeostasis with whole body mineral balance. Considering
that FGF23 is a well-established regulator of renal phosphate and Na* handling, which is
putatively under the control of AMPK as well, it is tempting to speculate that AMPK and FGF23
are mutually connected in terms of renal mineral handling. Given that AMPK has been
identified as a novel regulator of FGF23 within the scope of this thesis, future investigations
should particularly focus on the importance of the renal AMPK-FGF23 axis in disease settings

where mineral homeostasis is dysregulated as it is observed in CKD.
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5 Summary

The bone-derived proteohormone fibroblast growth factor 23 (FGF23) is a pivotal
regulator of phosphate homeostasis and vitamin D metabolism. FGF23 mainly targets the
kidney where it suppresses tubular phosphate reabsorption and the formation of active vitamin
D [1,25(0OH).Ds or calcitriol] in concert with its co-receptor a-Klotho. Extrarenal actions of
FGF23 are targeted at the parathyroid glands, heart, liver, and immune cells. FGF23 has
gained broad clinical attention as it is not only implicated in severe hereditary phosphate-
wasting diseases, but is also considered as an early detectable biomarker in a wide range of
acute and chronic disorders including renal, cardiovascular, and inflammatory diseases. In this
regard, excess circulating FGF23 concentrations, as found in patients with chronic kidney
disease (CKD), are closely linked to increased cardiovascular morbidity and mortality.

The formation of FGF23 as well as its pleiotropic cellular actions are regulated by a
multifaceted network of endocrine feedback loops and intracellular signaling pathways. During
the last years, numerous systemic and molecular factors involved in the transcriptional and
post-translational regulation of FGF23 have been identified. However, the current knowledge
about the complex regulatory mechanisms of FGF23 synthesis in health and particularly in
disease settings is still fragmentary. The studies presented as part of this thesis therefore
sought to provide novel insights into the regulation of FGF23 production utilizing versatile in
vitro and in vivo approaches. Along those lines, the main task of this dissertation was to study
the putative differential regulation of FGF23 formation in terms of excess energy intake — as
mimicked by high-fat diet (HFD) feeding — and in respect of the cellular energy sensor 5'-
adenosine monophosphate (AMP)-activated protein kinase (AMPK), which is activated upon
energy deficiency. Furthermore, current data referring to the functional role of AMPK in the
regulation of renal tubular transport processes were summarized and discussed in a
systematic review.

It could be demonstrated that energy-dense HFD feeding is capable to stimulate FGF23
production in mice via increased formation of the pro-inflammatory cytokine tumor necrosis
factor alpha (TNFa). In addition, TNFa was confirmed to be a positive regulator of Fgf23 gene
expression in UMR106 osteoblast-like cells. These findings not only corroborate the notion that
infammation is a major trigger of FGF23 formation, but also provide evidence that high energy
availability in terms of hypercaloric diets and chronic low-grade inflammation may contribute
to the reported positive association between obesity and elevated systemic FGF23 levels.

Moreover, it could be shown that AMPK functions as a hitherto unknown negative
regulator of FGF23 production as revealed by versatile murine in vitro and in vivo approaches.
In particular, fluorescence optics in UMR106 cells confirmed that AMPK mediates its inhibitory

effect on Fgf23 gene transcription in large part via downregulation of store-operated Ca?* entry
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(SOCE) through lowering the cell surface expression of the Ca?' release-activated Ca?*
(CRAC) channel protein Orai1. Given that FGF23 is a phosphaturic hormone, it is of note that
phosphate metabolism was not affected in AMPKa1-deficient mice displaying increased
FGF23 levels and moderate cardiac hypertrophy, resembling the clinical characteristics
observed in individuals in early stages of CKD. Considering that renal AMPK activity is
suppressed in CKD as reported by previous studies, lowering circulating FGF23 levels by
pharmacological AMPK activation may be considered as a beneficial therapeutic strategy to
decelerate CKD disease progression and to improve the cardiovascular outcome of CKD
patients.

Referring to current data on the impact of AMPK on renal tubular transport, it can be
concluded that AMPK activation in states of cellular energy depletion is largely suggested to
limit energy-consuming ion transport processes in the kidney, indicating a particular role of
AMPK in the regulation of renal phosphate and Na* handling. Considering the suppressive
effect of AMPK on the phosphaturic and Na*-conserving hormone FGF23, it is a subject for
further research to investigate potential molecular interactions between AMPK and FGF23
regarding a differential regulation of renal tubular ion transport proteins and thus of homeostatic
mineral balance.

Taken together, HFD-induced TNFa formation and the cellular energy sensor AMPK
were identified as powerful regulators of FGF23 production. The data presented in this thesis
thus provide novel physiological and pathological insights regarding the complex interrelations
between energy metabolism and inflammation in the regulation of FGF23 formation and

mineral homeostasis.
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6 Zusammenfassung

Das vorwiegend im Knochen gebildete Proteohormon Fibroblasten-Wachstumsfaktor
23 (fibroblast growth factor 23, FGF23) ist ein zentraler Regulator der Phosphat-Homoostase
und des Vitamin D-Stoffwechsels. Eines der Hauptzielorgane von FGF23 ist die Niere, wo es
zusammen mit seinem Korezeptor a-Klotho die tubuldre Phosphatriickresorption sowie die
Bildung des aktiven Vitamin D [1,25(OH)2Ds oder Calcitriol] hemmt. Daneben vermittelt FGF23
extrarenale Effekte unter anderem in den Nebenschilddriisen, dem Herzen, der Leber sowie
Immunzellen. FGF23 ist insbesondere klinisch relevant, da es bei schweren erblichen
Erkrankungen, die durch hohe Phosphatverluste gekennzeichnet sind, eine wichtige Rolle
spielt. Daneben gilt es als friih nachweisbarer Biomarker bei einer Vielzahl von akuten und
chronischen Krankheitsbildern wie Nieren-, Herz-Kreislauf- und entziindlichen Erkrankungen.
So sind stark erhdhte FGF23-Werte in der Zirkulation bei Patienten mit chronischem
Nierenversagen mit erhohter kardiovaskularer Morbiditat und Mortalitat assoziiert.

Die Bildung von FGF23 sowie seine vielfaltigen zellularen Wirkungen unterliegen der
Regulation komplexer hormoneller Rickkopplungsschleifen sowie intrazellularer Signalwege.
Obwohl in den letzten Jahren zahlreiche systemische und molekulare Faktoren der
trankriptionellen und post-translationalen FGF23-Regulation identifiziert wurden, ist das
Verstandnis Uber die komplexen Mechanismen der FGF23-Synthese sowohl unter
physiologischen als auch pathophysiologischen Gesichtspunkten nach wie vor lickenhaft.
Demnach bestand das Ziel der im Rahmen dieser Arbeit dargelegten Studien darin, neue
Einblicke in die Regulation der FGF23-Produktion unter Verwendung vielseitiger in vitro und
in vivo-Ansatze zu gewinnen. Diesbezliglich wurde der Einfluss einer Uberschissigen
Energieaufnahme auf die Bildung von FGF23 im Sinne einer Futterungsstudie mit fettreicher
Diat (high-fat diet, HFD) untersucht. Zusatzlich wurde der Frage nachgegangen, inwiefern die
bei zellularem Energiemangel aktivierte 5-Adenosinmonophosphat-aktivierte Proteinkinase
(57-adenosine monophosphate (AMP)-activated protein kinase, AMPK) an der Regulation der
FGF23-Synthese beteiligt ist. Zudem wurde die aktuelle Datenlage zur funktionellen
Bedeutung der AMPK hinsichtlich tubularer Transportprozesse in der Niere in Form einer
systematischen Ubersichtsarbeit zusammengefasst und diskutiert.

Es konnte gezeigt werden, dass die gesteigerte FGF23-Synthese in Mausen, denen
eine energiedichte HFD gefuttert wurde, durch die vermehrte Bildung des pro-entziindlichen
Zytokins Tumornekrosefaktor-a (TNFa) vermittelt wird. Zudem wurde TNFa als positiver
Regulator der Fgf23-Genexpression in osteoblasten-ahnlichen UMR106-Zellen bestatigt.
Diese Ergebnisse bekraftigen die Auffassung, dass Entziindungsreaktionen mafgebliche
Ausloser einer erhdhten FGF23-Bildung sind. Zudem verdeutlichen die Daten, dass eine hohe

Energieverfugbarkeit hinsichtlich der Zufuhr hochkalorischer Diaten sowie chronische,
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niedriggradige Entziindungsprozesse moglicherweise dazu beitragen, dass das Auftreten
einer Adipositas mit systemisch erhdhten FGF23-Werten assoziiert ist.

Mit Hilfe vielfaltiger muriner in vitro und in vivo-Experimente konnte ferner die AMPK
als bislang unbekannter negativer Regulator von FGF23 identifiziert werden. Demnach
konnten Fluoreszenzmessungen in UMR106-Zellen aufklaren, dass die inhibitorische Wirkung
der AMPK auf die Fgf23-Transkription im Wesentlichen auf einen verminderten
speichergesteuerten Ca?*-Einstrom (store-operated Ca®* entry, SOCE) bedingt durch eine
reduzierte Zellmembranexpression des Ca?*-Freisetzung aktivierten Calciumkanalproteins
(Ca** release-activated Ca®*, CRAC channel) Orai1 zuriickzufiihren ist. Angesichts der
Tatsache, dass FGF23 ein phosphaturisches Hormon ist, ist es bemerkenswert, dass der
Phosphathaushalt in AMPKa1-defizienten Mausen trotz erhohter FGF23-Werte nicht
beeintrachtigt war. Zudem konnte bei den Tieren eine moderate Herzhypertrophie festgestellt
werden, die zusammen mit den hohen FGF23-Werten dem klinischen Bild von Patienten in
frihen Stadien des chronischen Nierenversagens ahnelt. In Anbetracht dessen, dass die
renale AMPK-Aktivitat bei chronischem Nierenversagen supprimiert ist, konnte die durch
pharmakologische AMPK-Aktivierung vermittelte Senkung erhdhter FGF23-Spiegel eine
sinnvolle Therapiestrategie darstellen, die Progression des chronischen Nierenversagens zu
verlangsamen sowie die kardiovaskulare Prognose betroffener Patienten zu verbessern.

Nach Auswertung der aktuellen Datenlage hinsichtlich der Bedeutung der AMPK auf
renale Transportmechanismen lasst sich konstatieren, dass die bei zellularem Energiemangel
vermittelte AMPK-Aktivierung eine Limitierung energieaufwendiger lonentransportprozesse in
der Niere zur Folge hat. In diesem Zusammenhang ist der AMPK insbesondere eine wichtige
Funktion in der Regulation des renalen Phosphat- und Na*-Haushaltes zuzuordnen.
Angesichts der inhibitorischen Wirkung der AMPK auf die Bildung von FGF23, das die
Phosphatausscheidung sowie die Na*'-Reabsorption in der Niere stimuliert, sollten sich
kinftige Studien auf potenzielle molekulare Interaktionen zwischen AMPK und FGF23
fokussieren. Mit Blick auf die homoostatische Regulation des Mineralhaushaltes sei hier eine
mogliche differenzielle Regulierung tubularer lonentransportproteine in der Niere zu
betrachten.

Im Rahmen dieser Arbeit konnten die HFD-induzierte TNFa-Bildung sowie der zellulare
Energiesensor AMPK als potente Regulatoren von FGF23 identifiziert werden. Die
dargelegten Ergebnisse liefern demnach sowohl aus physiologischer als auch
krankheitsbezogener Perspektive neue Erkenntnisse zu den komplexen Wechselwirkungen
zwischen Energiestoffwechsel und entzlindlichen Prozessen hinsichtlich der Regulation der

FGF23-Bildung und der damit verbundenen Homoéostase des Mineralhaushaltes.
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