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 Introduction 

Few decades ago, fibroblast growth factor 23 (FGF23) and Ŭklotho knockout mice revealed a shared role 

in the metabolism of inorganic phosphate1. FGF23 or Ŭklotho deficiency results in hyperphosphatemia with 

massive ectopic calcification2,3. These deposits cause a syndrome resembling human aging2. Thus, Ŭklotho 

was named after the Greek goddess who spun the thread of life2. Beside its major role in tumor-induced 

osteomalacia (TIO)4 or autosomal dominant hypophosphatemic rickets (ADHR)5, aberrant regulation of 

FGF23 has been associated with various diseases without a clear relation to phosphate or bone metabolism6-8 

and also Ŭklotho is involved in various disorders9ï11. Cellular stress or subsequent senescence is a frequent 

event in severe tissue injury and diseases12. The aim of the present thesis was the elucidation of a regulatory 

mechanism of cellular stress on FGF23 and Ŭklotho.  

1.1 Features of FGF23 

Fibroblast growth factors are a family of versatile signaling proteins with a broad spectrum of functions. 

Based on structural and evolutionary data, FGFs are divided into several subfamilies comprising 22 proteins 

in humans13. FGF23 is assigned to endocrine FGF family including FGF19/FGF15, FGF21, and FGF23, 

termed hormone-like FGFs14. Their mutual structure and the absence of a C-terminal heparin-binding 

domain found in paracrine FGFs enables secretion, circulation, and signal transduction of endocrine FGFs 

to distant target organs15.  

Produced primarily by osteoblasts and osteocytes in bone16,17, FGF23 is an approximately 30 kDa 

glycoprotein with 251 amino acids (aa) and the gene sequence is located on human chromosome 12p13 

comprising 3 exons18,19. Secreted FGF23 contains 227 aa, lacking a 24 aa hydrophobic signal peptide18. The 

N-terminal receptor binding site with a ɓ-trefoil structure comprises 154 aa sharing homologies with other 

FGFs20, whereas the 72 aa C-terminal sequence of FGF23 enables interaction with co-receptor Ŭklotho21.  

In human blood, circulating FGF23 can be detected in two major forms: intact full-length FGF23 (aa 25-

251) and a C-terminal fragment resulting from proteolytic cleavage (aa 180-251)4,22. Half-life of human 

intact FGF23 is approximately one hour23. Proteolytic cleavage is catalyzed by subtilisin-like pro-protein 

convertase furin between arginine179 and phosphorylated serine180 at consensus sequence R176XXR179
24,25. 

This produces N- and C-terminal fragments, separating FGFR and klotho binding domains26. The exact role 

of these fragments is currently unclear but C-terminal fragments are suggested to antagonize FGF23 binding 

to FGFR1, thereby inhibiting its function on phosphate homeostasis21. Complex regulation of FGF23 

cleavage points to a specified role of the fragments rather than inactive degradation products. Thus, cleavage 

of FGF23 may serve as a regulator of FGF23 signal transduction21. 
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Posttranslational modification of FGF23 includes glycosylation and phosphorylation25. O-glycosylation at 

Thr178 by polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) prevents furin-mediated cleavage at 

R176XXR179 site, protecting FGF23 from proteolysis27. The family with sequence similarity 20, member C 

(FAM20C) is a protein kinase that phosphorylates Ser180 of the FGF23 sequence, thereby preventing 

GALNT3-mediated O-glycosylation and driving proteolysis25. Consequently, loss-of-function mutation in 

GALNT3 decreases intact FGF23 levels promoting hyperphosphatemia28, whereas loss-of-function mutation 

in FAM20C is accompanied by excess levels of intact FGF23 and hypophosphatemia25.  

FGF receptors (FGFR) are a family of receptor tyrosine kinases that contain an extracellular ligand-binding 

domain composed of three immunoglobulin-like loops, a single transmembrane domain, and the 

intracellular tyrosine kinase domain29. Endocrine FGFs require the co-receptors Ŭklotho and ɓklotho for 

receptor binding and signaling30ï32. FGF23 uses co-factor Ŭklotho to form FGF23-FGFR-Ŭklotho receptor 

complexes26. FGF23 shows the highest binding affinity for FGFR1 subtype c (FGFR1c), which appears to 

be the major physiologically relevant receptor in the kidney32,33. Upon FGF23-binding, FGFR-Ŭklotho-

FGF23 complex activates intracellular kinase activity, activating various signaling pathways e.g. mitogen-

activated protein kinase (MAPK) extracellular signal-regulated kinases 1/2 (ERK1/2) signaling34. 

1.2 ŬKlotho 

ŬKlotho was originally discovered as an anti-aging factor because mice with a mutation in the Ŭklotho (KL) 

gene show typical aging-related disorders including organ atrophy, tissue and vascular calcifications, 

arteriosclerosis, infertility, hyperphosphatemia, osteoporosis, and a short lifespan2. The Ŭklotho gene and 

protein are highly homologous (>80 %) in mice, rat and human35. ŬKlotho is a single transmembrane protein 

predominantly expressed within the kidney2, the parathyroid glands36, and the brain37. It consists of one 

short intracellular, a transmembrane and two repeated extracellular sequences termed KL1 and KL2 

domains38. Cleavage of the extracellular domain by Ŭ-secretases A desintegrin and metalloproteinase 

(ADAM) -10 and ADAM-17 releases soluble klotho (sklotho) into the circulation39. Soluble Ŭklotho can be 

detected in serum, cerebrospinal fluid, and urine9,40. sKlotho levels decrease with increasing age41,42 and low 

Ŭklotho levels or decreased production are associated with severe diseases like CKD43ï45, cancer46,47, or 

cardiovascular disorders10,48.  

The phenotype of homozygous Ŭklotho knockout mice strongly resembles that of FGF23-deficient mice, 

suggesting a shared role in phosphate metabolism1,2,49,50. As mentioned above, Ŭklotho functions as a co-

factor for FGFR1 in renal tubule cells mediating stable interaction between FGF23 and FGFR1c32. Beside 

its action as a co-receptor of FGF23, Ŭklotho has many beneficial effects e.g. anti-inflammatory51,52, 

antioxidant53, or anti-apoptotic functions54. Furthermore, high Ŭklotho levels correlate with the relief of 

symptoms of numerous diseases including acute kidney injury (AKI )55, chronic kidney disease (CKD)56,57, 
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cardiovascular disease (CVD)48,58, Alzheimerôs disease59, or sepsis60. The inhibition of wnt/ɓ-catenin as well 

as insulin-like growth factor (IGF-1) signaling pathway strongly participates in the health-promoting effects 

of Ŭklotho61,62. Activation of wnt signaling results in the accumulation of ɓ-catenin, followed by its 

translocation into the nucleus where it activates target genes including cyclin D1 and myc-c, promoting cell 

proliferation63. IGF-1 is involved in postnatal growth and stimulates anabolic processes via IGF-1R64, 

including cell proliferation and differentiation65, and inhibits apoptosis by activating the 

phosphatidylinositol-3-phosphate (PI3K)/Akt and MAPK ERK1/2 pathways66. Up-regulation of the wnt/ɓ-

catenin or the insulin/IGF-1 pathway play important roles in malignancy67,68 and their suppression is 

associated with anti-carcinogenic effects of Ŭklotho62,69,70.  

1.3 Physiological effects of FGF23 and Ŭklotho 

Phosphate (Pi) is one of the most abundant minerals in the human body and more than 80 % is stored in the 

form of hydroxyapatite in bones or teeth71. In addition, phosphate is a component of nucleic acids and 

biological membranes, contributes to energy supply and storage in the form of adenosine triphosphate 

(ATP), or intracellular signaling by phosphorylation via kinase71,72. For most of these functions, constant 

intra- and extracellular phosphate concentrations are necessary71. Serum phosphate levels are regulated 

mainly by three specific hormones: parathyroid hormone (PTH), 1,25(OH)2D3, and FGF2373. Intestinal 

absorption within the small intestine74, renal excretion75, and release from bone76 are the most important 

regulatory mechanisms of serum phosphate concentration73. In the intestine, most phosphate is absorbed by 

sodium-dependent transporters of IIb type (NaPiIIb)77. About eighty percent of the filtered phosphate is 

reabsorbed from the urine in the proximal and marginally in the distal tubule via sodium-dependent 

transporters NaPiIIa, NaPiIIc, and phosphate transporter PiT276,78ï80.  

FGF23 exerts its phosphaturic actions predominantly in renal proximal tubules, supported by FGFR and 

Ŭklotho32,81. As shown in figure 1, ligand binding activates FGFR and induces phosphorylation of ERK1/2, 

and SGK132,81. Downstream phosphorylation of sodium-hydrogen exchange regulatory factor 1 (NHERF1), 

which anchors NaPiIIa in the tubular brush border membrane, leads to internalization and degradation of 

the phosphate transporter molecules81ï83. The phosphorylation of NHERF1 and subsequent downregulation 

of NaPiIIa was originally reported as an effect of PTH, pointing to a similar and possibly synergistic role of 

PTH and FGF23 in phosphate regulation82,83. Simultaneously, FGF23 down-regulates the production of 

NaPiIIa and NaPiIIc thereby decreasing renal phosphate reabsorption and reducing serum phosphate 

levels33,81.  
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Figure 1: Effect of FGF23 on phosphate reabsorption in renal tubule cells81ï83 

Further details are provided in the text. FGF23 fibroblast growth factor 23; FGFR1 fibroblast growth factor 

receptor 1; ERK extracellular signal-related kinase; SGK serum/glucocorticoid regulated kinase; NHERF 

sodium-hydrogen exchanger regulatory factor; NaPiIIa sodium-phosphate co-transporter 2a.  

Conversely, high dietary phosphate intake stimulates FGF23 production22,84. Beside its effect on phosphate 

reabsorption, FGF23 decreases renal 1,25(OH)2D3 production, thereby diminishing intestinal phosphate 

absorption49,85,86. The consequences, especially of chronic hyperphosphatemia are deranged bone growth, 

vascular as well as soft tissue calcification e.g. in heart and kidney, organ atrophy and an early death3,49. 

Chronic hypophosphatemia leads to rickets or osteomalacia, respectively87. 

In addition to phosphate, FGF23 regulates calcium reabsorption within the distal tubule in a Ŭklotho-

dependent way88. By activating ERK1/2 and SGK1, the abundance of TRPV5 (transient receptor potential 

cation channel subfamily V) calcium channels is increased, resulting in decreased urinary calcium 

excretion88,89. In line with this, FGF23/Ŭklotho signaling increases expression of sodium-chloride co-

transporter (NCC) and renal sodium reabsorption with subsequent plasma expansion, enhanced blood 

pressure, and cardiac hypertrophy90. This indicates a regulatory effect of FGF23 and Ŭklotho not only on 

phosphate but also on calcium and sodium.  

Vitamin D, a precursor of the steroid hormone 1,25(OH)2D3 (calcitriol) , is primarily synthesized in humans 

by UVB radiation-mediated conversion of 7-dehydrocholesterol in the skin91,92. Bound to circulating 

vitamin D binding protein (DBP)93 vitamin D is transported to the liver and converted to 

25-hydroxyvitamin D3 (calcidiol) by the 25-hydroxylase CYP2R194. 25(OH)D3 is then hydroxylated to 
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active 1,25(OH)2D3 (calcitriol) by 1Ŭ-hydroxylase (CYP27B1) in renal tubule95,96. The major target of 

hormonally active 1,25(OH)2D3 is the gastrointestinal tract, where it stimulates calcium and phosphate 

absorption86,97. 1,25(OH)2D3 is inactivated by 24-hydroxylase (CYP24A1)98. 24-hydroxylase is stimulated99 

and 1Ŭ-hydroxylase is inhibited by 1,25(OH)2D3 in a negative feedback loop100 to prevent vitamin D toxicity 

associated with life-threatening hyperphosphatemia and hypercalcemia101,102.  

FGF23 decreases 1,25(OH)2D3 on one hand by upregulating catabolic 24-hydroxylase and on the other hand 

by reducing 1Ŭ-hydroxylase85. The underlying intracellular signaling pathway is not completely known but 

is suggested to be mediated through FGFR3 and FGFR4 via ERK1/2 pathway103,104. Reduction of 

1,25(OH)2D3 consequently lowers intestinal phosphate absorption via NaPiIIb86, and intestinal absorption 

as well as renal reabsorption of calcium97,105. 1,25(OH)2D3 stimulates FGF23 production to prevent 

hyperphosphatemia106,107. 

PTH maintains serum calcium and phosphate by osteoclast-mediated release from bone and similar to 

FGF23, by decreasing renal phosphate reabsorption108,109. PTH stimulates bone resorption by binding to 

PTH receptor on osteoblasts and osteocytes up-regulating the expression of receptor activator of nuclear 

factor əB ligand (RANKL)110. RANKL interacts with RANK receptor on osteoclast surface, triggering 

osteoclastogenesis and the release of bone resorption111. Additionally, PTH stimulates 1,25(OH)2D3 

synthesis112, thereby increasing intestinal calcium and phosphate absorption74. PTH stimulates FGF23 

production in osteoblasts preventing calcium and phosphate excess113. In turn, FGF23 inhibits PTH secretion 

in interaction with Ŭklotho, which is also expressed and secreted in the parathyroid glands114. Similar to 

FGF23, PTH reduces the abundance of NaPiIIa and NaPiIIc in renal brush border membrane thereby 

reducing serum phosphate levels82,108.  
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In summary, FGF23 is part of a feedback loop between bone and kidney including 1,25(OH)2D3 and PTH 

for balancing phosphate levels (see Figure 2)115: 1,25(OH)2D3 and PTH increase serum phosphate levels and 

stimulate FGF23 production in bone107 whereas FGF23 suppresses 1,25(OH)2D3 and PTH reducing 

phosphate levels85,114, and 1,25(OH)2D3 decreases PTH expression116.  

 

Figure 2: Phosphate regulation by FGF23, 1,25(OH)2D3, and PTH115.  

Further information is provided in the text. 1,25(OH)2D3 calcitriol or active vitamin D3; FGF23 fibroblast 

growth factor 23; Pi phosphate; PTH parathyroid hormone.  

 

In other organs, FGF23 acts predominantly independently of Ŭklotho and partially on a pathophysiologic 

basis. For instance, FGF23 induces left ventricular hypertrophy via FGFR4117 and is associated with atrophy 

in the skeleton muscle118. Furthermore, FGF23 suppresses neutrophil activation and recruitment thereby 

impairing immune defense in CKD119 and on the other hand, it stimulates the secretion of pro-inflammatory 

cytokine IL-6 in inflammatory airway diseases120. Additionally, there is a certain association of FGF23 and 

cancer121. FGF23 overexpression by tumor cells is reported from TIO4 or oncogenic hypophosphatemic 

osteomalacia122 but has also been observed in other malignancies including lung123, breast124, and colon 

cancer125. 
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1.4 Regulation of FGF23 and Ŭklotho 

FGF23 synthesis in osteoblasts and osteocytes is transcriptionally and post-transcriptionally regulated by 

many different factors. 1,25(OH)2D3 and PTH have already been described as regulators of FGF23 

synthesis107,126. Beside these, also dietary calcium and phosphate intake increase FGF23 levels22,84 possibly 

due to Galnt3 up-regulation, preventing proteolytic cleavage of intact FGF23127. Furthermore, FGF23 

production is stimulated by store-operated calcium ion entry (SOCE) into the cell via the calcium selective 

ion channel ORAI1 in the plasma membrane128. ORAI1 is activated during calcium deficiency in the 

endoplasmic reticulum (ER)129. Furthermore, FGF23 is negatively regulated by energy restriction via 

activation of adenosine monophosphate (AMP)-activated protein kinase (AMPK) pathway130, whereas 

increased glucose or caloric intake stimulates FGF23 via mammalian target of rapamycin (mTOR)131. 

AMPK is a cytosolic protein, protecting cells from energy deficiency by inhibiting anabolic functions and 

mTOR132,133. In this process, AMP, a degradation product of ATP, functions as an energy sensor133. AMPK 

has been shown to suppress FGF23 production by decreasing the abundance of ORAI1 in the cell membrane 

and causes inhibition of SOCE130. On the other side, mTOR is a protein kinase involved in the PI3K pathway 

signaling serving as a biomarker for energy availability promoting anabolic processes134. FGF23 is 

positively regulated by a high glucose intake whereas the simultaneous inhibition of mTOR decreases 

FGF23131.  

Compared to FGF23, fewer regulating factors are known for Ŭklotho. In general, Ŭklotho expression and 

soluble klotho levels decrease under disease conditions including systemic inflammation52, renal9,45, and 

cardiovascular diseases48,135. Excess phosphate and wnt/ɓ-catenin signaling are suggested to play a key role 

in disease-associated decline of Ŭklotho136. For example, angiotensin II, a regulator of blood pressure via 

wnt/ɓ-catenin signaling, is associated with cardiomyopathy137 and suppresses renal Ŭklotho synthesis138. 

Furthermore, Ŭklotho is decreased by transforming growth factor ɓ1 (TGF-ɓ1), an inducer of renal 

fibrosis57,139.  
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1.5 Current knowledge of the regulation of FGF23 and Ŭklotho by cellular stress 

There are numerous external stimuli like infections, toxins, extreme environmental conditions, or 

mechanical damage, as well as internal factors like inflammation or oxidative stress that challenge 

intracellular stress balance (see figure 3)140,141. The form, severity, and exposition time of stress stimuli, as 

well as the cellôs adaptive capacity determines cell survival or death142. Subsequently, the mechanism of 

cell death e.g. apoptosis or necrosis, which is not always distinguishable, may influence the environment of 

the moribund cell143ï145. 

 

Figure 3: Internal and external inducers of cellular stress140,141. 

Further information is provided in the text.  

Apoptosis degrades damaged or unwanted cells146. The so-called ñprogrammed cell deathò, is a highly 

regulated process induced by oxidative stress147, cytotoxic compounds148, or radiation149, and strongly 

depends on caspases mediating subsequent degradation of cellular components150. Apoptosis is 

characterized by the absence of inflammation151 and the activity of caspase proteins150. Caspase-3 inactivates 

transcriptional activity of nuclear factor kappa-light-chain-enhancer of activated B cells (NFəB)152, which 

is strongly involved in the regulation of cytokine production153. Additionally, recruited phagocytic cells 

suppress the secretion of inflammatory cytokines154.  

One important factor of apoptosis induction is tumor suppressor protein p53, which occurs at low levels in 

the cytosol and is rapidly degraded by the proteasome under unstimulated conditions155,156. In response to 

stress stimuli, p53 is strongly increased and phosphorylated157 and regulates the transcription of various 

genes e.g. of pro-apoptotic protein B cell lymphoma 2 (BCL2)-associated X (BAX)158. The induction of 

apoptosis strongly depends on the interaction of BCL-2 protein family members, including pro-apoptotic 
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proteins BCL2-associated death promoter (BAD), BCL2 homologous antagonist/killer (BAK) , and BAX, 

and anti-apoptotic BCL-2 and B cell lymphoma-extra large (BCL-XL) proteins159,160. Thereby, the ratio of 

pro- to anti-apoptotic proteins determines the outcome of an apoptotic stimulus161. Upon activation, BAK 

and BAX form homo-oligomers accumulating in outer mitochondrial membrane to form pores162,163. This 

results in a loss of mitochondrial membrane potential and cytochrome c release162,164,165. Cytochrome c binds 

apoptotic protease-activating factor 1 (APAF-1) and caspase-9 subsequently activating caspase-3166. The 

activation of caspases triggers typical signs of apoptosis such as DNA fragmentation167, cell shrinkage168, 

and the formation of membrane vesicles169. Pro-apoptotic proteins BAX and BAK are inhibited when 

complexed with anti-apoptotic proteins BCL-2 or BCL-XL 170. Phosphorylation of BCL-2 prevents binding 

of BAX and triggers apoptosis171. BAD dimerizes with anti-apoptotic proteins BCL-XL or BCL-2, thereby 

preventing BAX inhibition and promoting apoptosis170,172. The apoptotic pathway includes but is not limited 

to the pro- and anti-apoptotic proteins described here and depicted in figure 4.  

 

Figure 4: Components of apoptotic pathway following cellular stress162ï166,170ï172. 

Further details are described in the text. APAF-1 apoptotic protease-activating factor 1; BAD BCL2-

associated death promoter; BAX BCL2-associated X; BCL-2 B cell lymphoma; P phosphorylation. 

In contrast to apoptosis, necrotic cell death is associated with an inflammatory stress response173. Formally, 

necrosis is defined as a form of cell death with no signs of apoptosis or autophagy174, proceeding 
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independently of caspases144. Morphologically, necrosis is characterized by a swelling of the cell175 and 

membrane permeabilization followed by the bursting of the plasma membrane176. Major inducers of necrotic 

cell death are ROS177, TNFŬ178, or mechanical damage179. A special form of necrosis is necroptosis, referred 

to as programmed necrosis180. Like apoptosis, this is a highly regulated cell death mechanism associated 

with inflammatory processes180. The activation of caspases requires ATP whereas ATP-depleted cells 

undergo necrosis166,181. Thus, progressing cell damage results in necrotic cell death182. As one particular 

stimulus can induce both apoptosis or necrosis in the same cell but under different conditions, the 

differentiation between various forms of cell death is very challenging182,183.  

Inflammation is characterized by the recruitment of immune cells to the injured tissue and the release of 

large amounts of pro-inflammatory cytokines, e.g. tumor necrosis factor Ŭ (TNFŬ), interleukin 6 (IL -6), or 

IL -8 from immune and inflamed cells184ï186. Many inflammatory cytokines are transcriptionally regulated 

by transcription factor NFəB187,188 contributing to the regulation of inflammation and immunity in virtually 

all cell types189. Inflammation affects mineral and bone metabolism and especially chronic inflammation 

results in bone resorption and osteoporosis190ï192. Acute inflammation, initiated by bacterial infection or 

cytokine stimulation strongly induces C-terminal but not intact FGF23 production via NFəB193. This may 

be due to increased hypoxia inducible factor 1Ŭ (HIF1Ŭ) expression in acute inflammation194,195 which 

increases furin production196 reinforcing FGF23 cleavage25. Furthermore, acute inflammation promotes iron 

deficiency and hypoxic conditions, which are both reported to increase FGF23 levels, in case of hypoxia via 

HIF1Ŭ195. In chronic inflammation, both intact and C-terminal FGF23 levels are increased195 decreasing 

bone density192. In addition to inflammatory cytokines, NFəB also stimulates FGF23 secretion by up-

regulating Orai1 and SOCE128,197. NFəB is activated by stress stimuli via p38 MAPK198,199, and cytokines 

including TGF-ɓ200, TNFŬ201, or IL -1ɓ202 and have been shown to positively regulate p38, which stimulates 

FGF23 production in bone cells203.  

Renal diseases such as AKI  and CKD are strongly linked to inflammation induced e.g. by nephrotoxic drugs 

or cellular injury, and patients show excess FGF23 levels187,204,205. Progression of renal injury results in 

chronic inflammation, fibrosis, and goes along with a loss of renal function206,207. AKI and CKD are 

associated with a decrease in Ŭklotho production44,208, which contributes to an unfavorable outcome209,210. 

ŬKlotho is decreased by inflammatory cytokines e.g. TNFŬ211 and its serum concentration is low in patients 

suffering from inflammatory diseases such as chronic obstructive pulmonary disease212 or CVD213 and may 

serve as a biomarker for systemic inflammation214. 

Cellular stress is often promoted by reactive oxygen species (ROS), generating oxidative stress215. ROS, 

O2
Å-, HOÅ, and H2O2, are generated by the reduction of oxygen in the organism215. A tight balance between 

ROS formation and antioxidant scavenger molecules such as glutathione and vitamin C, or antioxidant 

enzymes determines the oxidative stress response216. Oxidative stress stimulates FGF23 synthesis by 
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activating MAPK ERK1/2 and NFəB signaling217. Comparable to inflammation, Ŭklotho decreases under 

the influence of oxidative stress218. 

 Objective of the present work 

Cellular stress in the form of inflammation, oxidative stress and eventually apoptosis or necrosis play 

important roles in various diseases, e.g. in inflammatory bowel disease, diabetes, or Alzheimerôs disease219ï

221, or as a consequence of cancer therapy222,223. FGF23 and Ŭklotho levels have been reported to determine 

the outcome of severe diseases224-226. Thus, it is of particular significance to investigate the correlation 

between FGF23, Ŭklotho, and severe disorders and elucidate the therapeutic or diagnostic relevance of 

FGF23/Ŭklotho signaling. 

To investigate the regulation of FGF23 and Ŭklotho by cellular stress, we chose different stress stimuli and 

compound classes that exert different cytotoxic mechanisms. Cisplatin is a cytotoxic drug used to treat many 

solid tumors e.g. in reproductive organs, breast, lung, and esophagus227ï229. Its full spectrum of action has 

not been resolved yet, but it is known that cisplatin forms DNA inter- and intrastrand crosslinks as well as 

DNA-protein adducts230,231. By contrast, doxorubicin is an anthracycline drug used in a wide range of solid 

and hematological cancer types with antineoplastic actions and especially cardiotoxic side effects232,233. It 

intercalates into genomic and mitochondrial DNA, thereby disturbing topoisomerase II-mediated DNA-

processing resulting in double-strand breaks and apoptosis233ï235. Paclitaxel is a natural compound occurring 

in the bark of yew trees236 and is used for the treatment of several malignancies including breast237, 

ovarian238, or lung cancer239. Paclitaxel affects the dissociation of microtubules during mitosis, resulting in 

mitotic arrest of cancer cells240,241. Furthermore, we applied direct apoptotic inducers procaspase-activating 

compound 1 (PAC-1) and serum starvation to investigate the effect on FGF23 or Ŭklotho. PAC-1 is a 

caspase-3 activator that complexes zinc ions inhibiting the enzymatic activity of procaspase-3 and active 

caspase-3, to induce apoptosis242. As procaspase-3 is up-regulated in many types of cancer243ï246, PAC-1 

alone or in combination with chemotherapeutic drugs is a promising approach to induce apoptosis in cancer 

cells247ï249. Serum starvation is known to induce apoptosis in a wide range of cells probably by the 

withdrawal of growth factors250ï253.  

In paper 1, we determined the transcriptional regulation of FGF23 in UMR106 osteoblast-like osteosarcoma 

cells after 24- and 48-h-incubation with cisplatin, doxorubicin, PAC-1, or serum-depleted media. 

Simultaneously, we measured the impact of the aforementioned stress stimuli on cell number and viability. 

To investigate whether inflammatory stress is induced by chemotherapeutic agents, we assessed the 

expression level of IL6 and its contribution to the regulation of FGF23 by using IL-6 signaling inhibitor 

SC144. As explained in chapter 1.5, cellular stress and inflammation are frequently associated with the 
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activation of NFəB, a known regulator of FGF23. Thus, we determined if NFəB is activated by cellular 

stress and whether it is involved in the regulation of FGF23 by using NFəB inhibitors wogonin and 

withaferin A. In conclusion, this paper investigated the regulation of FGF23 by cellular stress and the 

involvement of inflammatory signaling. 

In paper 2, we assessed the transcriptional regulation of Ŭklotho after incubation of canine distal tubular cell 

line MDCK and rat proximal tubular cell line NRK-52E with cisplatin, paclitaxel, doxorubicin, PAC-1, or 

serum deprivation. In parallel, we assessed cell number and viability, as well as the induction of apoptosis 

or necrosis using a combined apoptosis/necrosis assay. Apoptosis was additionally assayed by investigating 

transcriptional regulation of apoptotic proteins BAD, BAX, and BCL-2. With regard to the intracellular 

signaling involved in Ŭklotho regulation, we considered peroxisome proliferator ɔ (PPARɔ), a known 

regulator of Ŭklotho, to be involved in the Ŭklotho regulation in MDCK cells. Furthermore, FGFR1 mRNA 

and protein levels were investigated to see whether Ŭklotho regulation is accompanied by FGFR1 

stimulation. For the ELISA detection of Ŭklotho protein we used human proximal tubular cell line HK-2. 

At last, we compared Ŭklotho levels in human serum of cancer patients before and after chemotherapy 

administration. In conclusion, paper 2 assessed the influence of cellular stress on renal Ŭklotho expression 

particularly with regard to apoptosis. 

In summary, the aims of the present thesis are (i) elucidating a regulatory mechanism of cellular stress on 

FGF23 or Ŭklotho, (ii ) investigating, whether FGF23 or Ŭklotho are influenced by certain forms of cellular 

stress or by particular signaling components of the cellular stress response, and (iii ) investigating the 

regulation of FGF23 and Ŭklotho as a consequence of a certain cell death mechanisms. 
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and HK2 kidney cells  
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