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Abstract 

Background: CKD (chronic kidney disease) is a progressive disease with a global 

prevalence of 11-13% (Hill et al., 2016). CKD disrupts homeostasis resulting in large 

majority of patients with CKD also suffering from CVD (cardiovascular disease), with 

over 90% of CKD patients having cardiac fibrosis (Graham-Brown et al., 2017). FGF23, a 

phosphaturic hormone derived from bone, has been found to be elevated in patients 

with CKD and is associated with increased mortality in this patient population. 

Elevated serum FGF23 levels lead to LVH (left ventricular hypertrophy) and cardiac 

fibrosis, however, the mechanism by which fibrosis develops is unknown. We 

hypothesize that FGF23 mediates cardiac fibrosis by activation of the RAAS (renin-

angiotensin-aldosterone-system), TGF-β (transforming growth factor-β), and wnt/β-

catenin pathways in cardiac myocytes and fibroblasts. Methods: A literature review was 

conducted to identify the current literature on FGF23, CKD, cardiac fibrosis, RAAS, 

TGF-β, wnt/β-catenin and the molecular mechanisms leading to pathology. Search 

engines used were PubMed, Elsevier, NCBI (National Center for Biotechnology 

Information), University of Arizona Library, Google, and Wikipedia. Keywords 

included: CKD prevalence and mortality, bone and mineral metabolism, FGF23 

mortality, angiotensin II (ANGII) and cardiac fibrosis, and phosphate homeostasis.    

Conclusion: In a series of steps, systemic FGF23 mediates cardiac fibrosis via non-

conical signaling pathways by first activating the RAAS in cardiac myocytes. RAAS 

activation in cardiac myocytes increases ANGII expression. ANGII crosstalk with 

cardiac fibroblasts leads to activation of fibroblasts and TGF-β pathways. TGF-β and 
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wnt3a/β-catenin in cardiac fibroblasts activate pro-fibrotic gene expression. TGFβ and 

wnt3a/β-catenin from cardiac fibroblasts crosstalk with cardiac myocytes to induce 

pro-fibrotic gene expression and augment RAAS signaling pathway, respectively.  
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I. Introduction 

Chronic Kidney Disease (CKD) has a global prevalence of 11-13% and is a known 

risk factor for premature mortality, making it a global health concern (Hill et al., 2016). 

With obesity, diabetes, and arterial hypertension on the rise, the population of patients 

that will eventually develop kidney disease is also predicted to increase (Formentini et 

al., 2012). Recent data has estimated that by the year 2030 the need for dialysis due to 

renal failure will more than double in developing countries (Liyanage et al., 2015). 

Because kidney disease is a progressive disease, early detection is key. Even if a patient 

progresses to end-stage renal failure, hemodialysis is an option that can increase 

longevity. In a statistical analysis by Verberne et al. (2016), patients from ages 70 to 79 

being treated with hemodialysis lived 2.8 years longer than those who were treated 

with conservative medical management for end-stage renal failure (Verberne et al., 

2016). However, because the kidneys are vital organs that filter blood, maintain 

electrolyte and fluid balance, and have endocrine functions, even with hemodialysis the 

consequences of renal failure can be devasting to other organ systems. 

Although early detection and appropriate management of CKD can improve 

prognosis, a large portion of patients with CKD do not reach the end stages of renal 

failure because they succumb to premature cardiovascular disease (CVD) (Formentini et 

al., 2012). CKD is an independent risk factor of CVD and is known to accelerate CVD 

progression (Hill et al., 2016). It is estimated that over 50% of patients on hemodialysis 

have CVD and the risk of CVD-related death is 20 times higher than that of the general 

population (Cozzolino et al., 2018). The relationship between CKD and CVD confirms 
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that treating kidney disease should also include preventative measures against CVD, 

requiring a more integrative approach in managing the health of these patients 

(Vanholder et al., 2018).   

CVD is an umbrella term that includes different types of diseases, with some 

diseases having a greater incidence in CKD patients. Vascular disease, such as 

atherosclerosis, is seen in most patients with CKD and causes myocardial infarctions 

(MI), peripheral vascular disease (PVD) and cerebral vascular accidents (CVA) 

(Gargiulo et al., 2015). Patients with kidney disease are twice as likely to have an MI 

when compared to those with diabetes alone. In addition to the higher incidence of MI, 

patients with CKD have a mortality rate twice as high than the general population in 

the first year after an MI. PVD is seen in 20% of patients with CKD and presents 

clinically with more symptoms when compared to the general population. CKD is an 

independent risk factor for CVA and therefore CVAs are more prevalent in this patient 

population (Gargiulo et al., 2015).  

Cardiomyopathies, heart failure (HF) and left ventricular hypertrophy (LVH), 

are the most common type of CVD in CKD patients. 55% of patients on hemodialysis 

have a history of HF and 40% of all CKD patients are diagnosed with LVH (Gargiulo et 

al., 2015). Structural heart diseases, such as mitral and aortic valve calcification, are 

diagnosed in 45% and 34% of patients on hemodialysis, respectively. This is significant 

since the prevalence of mitral and aortic valve calcification in the general population is 

between 3-5%. Atrial fibrillation arrhythmia affects approximately 30% of patients with 

advanced CKD including those on hemodialysis. Hemodialysis patients have a CVD 
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mortality rate of 30 deaths per 1000 person years, with cardiac arrest and arrhythmia 

contributing to 60% of cases (Weiner & Sarnak, 2014).  

The risk factors associated with CVD development in CKD patients are different 

than risk factors associated with primary CVD, suggesting CVD is secondary to CKD. 

Chronic inflammation, increased arterial stiffness, autonomic instability, and 

sympathetic overactivity are risk factors specific to CKD that result in structural 

changes to the heart, such as left ventricular hypertrophy and dilation, diffuse 

myocardial fibrosis, and myocardial scarring (Graham-Brown et al., 2017). CKD induces 

humoral and mechanical changes in myocardial tissue, such as a cardiac fibrosis, that 

ultimately effect heart function (López et al., 2008). Cardiac fibrosis is dysregulation 

between extracellular matrix (ECM) production and degradation that leads to scar 

tissue formation (Ma et al., 2018). In healthy individuals, about 6% of the normal heart 

is composed of ECM, while in diseased states, there can be 5-fold increase. In post-

mortem studies of patients with CKD, >90% showed evidence of cardiac fibrosis 

(Graham-Brown et al., 2017). Cardiac fibrosis plays a major role in HF, with HF having 

50% and 10% survival rates at 5 and 10 years post-diagnosis, respectively (Murtha et al., 

2017). Since CKD patients are prone to developing cardiac fibrosis and cardiac fibrosis 

contributes to HF with low survival rates, the relationship between CKD and cardiac 

fibrosis needs to be elucidated (Böckmann et al., 2019). One of the most pressing 

questions is determining how CKD directly mediates cardiac fibrosis. Because cardiac 

fibrosis worsens as kidney function declines, one could hypothesize that there is a direct 

link between the two disease pathologies (López et al., 2008). The disruption in 
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homeostasis that kidney disease precipitates must somehow exacerbate other normal 

functions.   

A newly discovered hormone found to be elevated in patients with CKD, 

Fibroblast Growth Factor 23 (FGF23), has been implicated in the development of LVH 

and cardiac fibrosis (Böckmann et al., 2019). Elevated FGF23 has also been associated 

with higher mortality rates in CKD patients and is involved in other pathologic 

processes such as hypertension, vascular calcification, and inflammation (Vogt & 

Leifheit-Nestler, 2019). Normally, FGF23 is a bone derived hormone that targets the 

kidney and parathyroid gland to lower serum phosphate levels (Richter & Faul, 2018). 

Levels of FGF23 are elevated in patients with CKD and elevations can lead to non-

canonical signaling pathways in the heart leading to cardiac fibrosis. However, the 

cellular and molecular mechanisms that underlie the pathological effects of FGF23 

overexpression are unknown. I propose that elevated FGF23, in the setting of CKD, 

directly induces cardiac fibrosis by mediating interactions between cardiac myocytes, 

cardiac fibroblasts, the renin-angiotensin aldosterone system (RAAS), transforming 

growth factor-β (TGF-β), and WNT/β-Catenin resulting in a pathological molecular 

process. Reviewing the current literature on FGF23, mechanisms of action and signaling 

pathways may provide insight into the relationship between CKD and cardiac fibrosis, 

with FGF23 as the main contributor to cardiac fibrosis development and mortality.  

II. FGF23 Structure and Function  

FGF23 is a 32-kDa glycoprotein that is produced and secreted by osteocytes and 

osteoblasts in response to high serum phosphate levels (Martin et al., 2012). There are 
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seven subfamilies of FGFs, however, because of its structure, FGF23 is part of the 

endocrine family of FGFs. Similar to other FGFs, the N-terminus of FGF23 contains a 

FGF receptor (FGFR) binding site. Unique to the endocrine family of FGFs, the C-

terminus interacts with a co-receptor (Martin et al., 2012), klotho transmembrane 

protein, for signaling at its target site (Richter & Faul, 2018). The C-terminus also lacks a 

heparin-binding domain that allows it to be secreted into the systemic circulation and 

function as a hormone (Richter & Faul, 2018). FGF23, because of its hormone like 

properties, can interact with FGFRs located in different organs.  

Normally, FGF23 uses membrane-bound α-klotho transmembrane protein as a 

co-receptor to increase binding affinity to its receptor (Erben & Andrukhova, 2017). α-

klotho tethers FGF23 to the FGFR isoform ensuring that the ligand and receptor are in 

close proximity (Hu et al., 2019). FGF23, FGFR, and a-klotho come together to form a 

stable ternary complex that initiates intracellular signaling (Ornitz & Itoh, 2015). FGF23 

signals via FGFR1, 3, and 4 isoforms (Richter & Faul, 2018), however, because α-klotho 

is specific to the kidney and parathyroid gland, FGF23 mainly targets these organs (Hu 

et al., 2019). Because of α-klotho organ specificity, FGF23 actions outside of these organs 

were not considered. However, it was recently discovered that FGF23 can target the 

heart and induce LVH in an α-klotho independent mechanism (Richter & Faul, 2018). 

This new discovery led researchers to study the effects of FGF23 in the heart and 

discover a non-canonical pathway that will be discussed below.  

In a healthy system, FGF23 maintains bone and mineral metabolism by 

regulating phosphate reabsorption and vitamin D activation in the kidney. FGF23 
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lowers serum phosphate levels by promoting internalization of sodium-dependent 

phosphate cotransporters, NaPi-2a and NaPi-2c, in the proximal renal tubule epithelial 

cells. At the apical side, a sodium-dependent phosphate co-transporter faces the tubular 

lumen, while a sodium-potassium ATPase pump is present at the basal side. The basal 

sodium-potassium ATPase pump ensures the movement of phosphate is a favorable 

reaction by establishing the sodium gradient. The sodium-potassium ATPase pump 

shuttles sodium out of the cell in exchange for potassium, ensuring that intracellular 

sodium concentrations stay low. The gradient complements the sodium-dependent 

phosphate co-transporter on the apical side absorbing phosphate and sodium from the 

tubular fluid. Phosphate and sodium are then shuttled across the cell to be returned to 

the circulation (Martin et al., 2012), see Figure 1. There are several types of co-

transporters in the proximal renal tubules, however, the main sodium-dependent 

phosphate co-transporters influenced by FGF23 are NaPi-2a and NaPi-2c. By 

internalizing NaPi-2a and NaPi-2c during times of hyperphosphatemia, FGF23 

decreases phosphate reabsorption and promotes excretion of phosphate in the urine 

(Martin et al., 2012).  
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Figure 1. Phosphate reabsorption via the sodium-dependent phosphate co-transporter in renal 

tubule epithelial cell of the proximal convoluted tubule of the kidney. Created with 

BioRender.com 

Vitamin D maintains phosphate homeostasis by increasing intestinal phosphate 

absorption (Erben, 2018). FGF23 reduces circulating levels of active vitamin D by 

inhibiting 1-α-hydroxylase, which is the enzyme responsible for converting inactive 

vitamin D into its active form. 24-hydroxylase is the enzyme responsible for active 

vitamin D degradation and some research suggests FGF23 increases expression of 24-

hydroxylase, however, this has yet to be confirmed. Lastly, FGF23 inhibits parathyroid 

hormone (PTH) secretion from the parathyroid gland (Richter & Faul, 2018). The 

combined effects of FGF23 internalizing NaPi-2a and NaPi-2c, inhibiting vitamin D 

activation and promoting its degradation, and inhibiting PTH secretion all contribute to 

phosphate homeostasis by inhibiting phosphate reabsorption.  
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In early stages of renal disease, a rise in FGF23 levels precede elevated phosphate 

levels. It is unclear why elevated levels of FGF23 are seen prior to phosphate levels 

(Hao et al., 2016). However, one could hypothesize that FGF23 is actively working to 

prevent hyperphosphatemia in early kidney disease, and therefore phosphate levels are 

within normal range. Changes in phosphate levels are not seen until stage 4 CKD and 

then continue to increase into end stage renal failure (Suki & Moore, 2016). Taken 

together, this would mean that FGF23 is able to compensate in response to kidney 

disease and maintain phosphate homeostasis. We can also hypothesize that, because 

phosphate levels are normal for most stages of CKD, the mortality seen in patients with 

CKD is associated with rising FGF23 levels and not elevated phosphate levels. Table 1 

summarizes the effects of FGF23.  

FGF23 Actions Effects 

Internalization of NaPi-2a and NaPi-2c Decreases Pi absorption in renal proximal 
tubules   

Inhibition of 1-α-hydroxylase enzyme Decreases conversion of 25(OH)D3 to 
1,25(OH)2D3 

Increases expression of 24-hydroxylase 
enzyme 

Increases catabolism of 1,25(OH)2D3 

Inhibits PTH secretion  Decreases phosphate reabsorption  
Table 1. Summary of FGF23 actions 

III. FGF23 Signaling in the Kidney 

The FGFR1, 2, 3, and 4 isoforms are transmembrane receptor tyrosine kinases 

that are FGF specific and are located in several organs. FGFRs have three 

immunoglobulin-like domains with the ligand binding site on the extracellular domain, 

a transmembrane domain, and a cytoplasmic domain that contains a tyrosine kinase. 

Because FGF23 does not have a heparin binding domain, it uses membrane-bound α-
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klotho as a co-receptor to increase binding affinity (Erben & Andrukhova, 2017). As 

described earlier, the ternary complex made of FGF23, FGFR, and α-klotho initiates 

intracellular signaling in the kidney and parathyroid gland (Ornitz & Itoh, 2015).  

The mechanism by which FGF23 promotes internalization of the sodium-

dependent phosphate cotransporter, NaPi-2a, begins with FGF23 binding to FGFR1. 

FGFR1 dimerizes and auto-phosphorylates at tyrosine residues with the cytoplasmic 

tails leading to activation of the RAS/MAPK pathway (Richter & Faul, 2018). Activated 

FGFR1 phosphorylates fibroblast growth factor receptor substrate 2 (FRS2a), which is 

an adaptor protein that is docked on FGFR1. Once FRS2a is activated via 

phosphorylation, it recruits and activates growth factor receptor-bound protein 2 

(GRB2)  (Ornitz & Marie, 2015). Active GRB2 then forms a complex with son of 

sevenless (SOS) that results in activation of RAS (Cotton et al., 2008). Activated RAS 

binds and activates the serine/threonine kinase rapidly accelerated fibrosarcoma (RAF). 

RAF phosphorylates mitogen-activated protein kinase (MEK), which then 

phosphorylates and activates extracellular-signal-regulated kinase (ERK) (Rich, 2019). 

ERK leads to activation of serum/glucocorticoid regulated kinase 1 (SGK1) which 

phosphorylates Na/H exchange regulatory factor (NHERF-1) scaffolding protein 

(Andrukhova et al., 2012). NHERF-1 anchors NaPi-2a to the cell membrane, therefore, 

phosphorylation leads to internalization and degradation of NaPi-2a (Andrukhova et 

al., 2012). See Figure 2.  
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Figure 2. FGF23 signaling leads to internalization and degradation of NaPi-2a in renal 

epithelial cells of the proximal convoluted tubule via RAS/MAPK pathway.    

FGF23 inhibits vitamin D activation in the kidney by inhibiting 1-α-hydroxylase 

enzyme which is required for converting inactive vitamin D, 25(OH)D3, into its active 

form, 1,25(OH)2D3 (Hu et al., 2019). 1-α-hydroxylase enzyme is expressed in the renal 

proximal tubular cells and is regulated by PTH, FGF23, and 1,25(OH)2D3, where PTH 

stimulates its production, while FGF23 and 1,25(OH)2D3 suppress its production. The 

exact signaling mechanism by which FGF23 inhibits 1-α-hydroxylase has yet to be 

confirmed. Early growth response-1 (ERG-1) transcription factor, which is a 

downstream target of ERK1/2 (Erben & Andrukhova, 2017), has become a biomarker 

for FGF23-induced activation of ERK1/2 signaling. This discovery was made after mice 

model experiments concluded that blocking of ERK1/2 suppressed ERG-1 and thus 

stopped FGF23 suppression of 1,25(OH)2D3 (Portale et al., 2015). Because of these 

findings researchers questioned whether ERG-1 was directly involved in inhibition of 1-
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α-hydroxylase by FGF23. However, Portale et al. (2015) was able to disprove this 

hypothesis by treating erg-1 null mice with FGF23 and measuring 1,25(OH)2D3 levels, 

renal cyp27b1 gene and cyp24a1 gene mrNA. Cyp27b1 and cyp24a1 gene code for 1-α-

hydroxylase and 24-hydroxylase enzyme, respectively.  

The results of this study showed the FGF23 treated erg-1 null mice had 

suppressed levels of 1,25(OH)2D3 and cyp27b1 levels with elevation of cyp24a1 gene 

mRNA. Because FGF23 was still able to induce its normal function, it was concluded 

that erg1 is not involved in the suppression of 1-α-hydroxylase (Portale et al., 2015). 

Although these results did not support erg-1 as the main transcription factor regulating 

1-α-hydroxylase, it does help to narrow the search.   

1,25(OH)2D3 is a known regulator of the immune system and expression of 1-α-

hydroxylase can be induced in immune cells, thus signaling pathways in these cell 

types have also been studied. In immune cells, interferon regulatory factor-1 (IRF-1) 

increases expression of 1-α-hydroxylase. Interferon regulatory factor-1 (IRF-1) can be 

induced by interferon gamma (INF- γ) or interleukin-12 (IL-12). However, INF-γ can 

also target Janus kinase 3 (JAK3) in addition to IRF-1. Furthermore, that JAK3 

suppresses IL-12 expression in a PKB/Akt signaling pathway. This led researchers to 

study the role of JAK3 in regulation of 1-α-hydroxylase expression in the kidney 

(Umbach et al., 2015).  

Umbach et al. (2015) studied mice models to determine the role of JAK3 in 

regulation of 1-α-hydroxylase expression in the kidney. The study compared JAK3 null 

mice to wild type mice and measured 1-α-hydroxylase expression, serum 1,25(OH)2D3 
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levels, IRF-1, and serum IL-12. When compared to the wild type mice, the Jak3 null 

mice had increased 1-α-hydroxylase transcript levels via RT-PCR, increased serum 

1,25(OH)2D3 as measured by ELISA, elevated IRF-1 transcript levels in parietal epithelial 

cells of the kidney as measure by RT-PCR, and elevated serum IL-12 levels (Umbach et 

al., 2015). The results of this study indicate JAK3 does have a role in the regulation of 1-

α-hydroxylase.  

From this study we can conclude that JAK3 acts as a mediator between IRF-1 and 

1-α-hydroxylase via IL-12. The absence of JAK3 increases serum IL-12, IL-12 then 

induces IRF-1 which then increases 1-α-hydroxylase enzyme levels. In the presence of 

JAK3 this mechanism would result in the opposite effect and decrease expression of 1-

α-hydroxylase. Although this study did not directly measure the effects of FGF23 on 

JAK3 expression, it would be difficult to determine a direct relationship. It is possible 

that FGF23 activation of the ERK1/2 pathway also interacts with JAK3 via the PKB/Akt 

signaling pathway in renal epithelial cells which ultimately inhibits 1-α-hydroxylase 

expression. See Figure 3 for summary of pathway.  
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Figure 3. JAK3 mediated 1-α-hydroxylase regulation and possible FGF23 involvement. 

Created with BioRender.com. 

 

In addition to inhibiting 1-α-hydroxylase enzyme, FGF23 is also thought to 

promote the catabolism of 1,25(OH)2D3 by activating 24-hydroxylase enzyme, however 

this remains to be confirmed (Erben & Andrukhova, 2017). Because FGF23 influences 

1,25(OH)2D3 levels via 1-α-hydroxylase, it is thought that FGF23 regulates 24-

hydroxylase indirectly through a feedback loop involving 1,25(OH)2D3 and 24-

hydroxylase. Wu et al. (2018) performed in vitro studies on human epidermal 

keratinocytes to determine the role of FGF23 in the regulation of 24-hydroxylase. In 

these cells, treatment with FGF23 increased protein and mRNA expression of 24-

hydroxylase as measured by western blot and QT-PCR, respectively. To determine the 

signaling pathway of FGF23, the effects of an MAPK-ERK 1/2 inhibitor was studied. 

The western blot results showed a decrease in mRNA expression of 24-hydroxylase 
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indicating FGF23 does signal through the MAPK-ERK1/2 pathway to mediate its 

effects. Although this experiment supported FGF23 ERK1/2 signaling pathway for 24-

hydroxylase regulation, the experimental design did not measure intracellular 

1,25(OH)2D3 during the study (Wu et al., 2018). Because of this, we are not able to 

conclude if the results were due to FGF23 or influenced by 1,25(OH)2D3 levels.  

Our understanding of FGF23 signaling mechanisms is incomplete and there are 

many questions to be answered regarding direct function and signaling, however, 

phosphate homeostasis is the overall effect. FGF23 decreases expression and promotes 

degradation of NaPi-2a and NaPi-2c sodium-dependent phosphate co-transporters via 

NHERF phosphorylation, inhibits 1-α-hydroxylase, and increases 24-hydroxylase 

mRNA expression. The combined effect of all these functions contribute to phosphate 

homeostasis.  

In summary of the current literature, we know that the kidneys maintain 

homeostasis. Therefore, disruption in kidney function disrupts electrolyte balance, fluid 

status, and acid-base balance. The ability for the kidneys to excrete phosphorus 

decreases with kidney disease which leads to serum hyperphosphatemia (Umbach et 

al., 2015).  In response, FGF23 levels start to increase to promote phosphate wasting. 

However, because of the underlying kidney disease, the kidneys are unable to respond 

to FGF23. Not only is the function of FGF23 impaired, but CKD also decreases klotho 

levels and leads to decreased signaling at target tissues and promotes FGF23 resistance. 

The balance between FGF23, PTH, and 1,25(OH)2D3 is disrupted. The elevation of 

FGF23 decreases 1,25(OH)2D3, this stimulates PTH production and leads to secondary 
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hyperparathyroidism as vitamin D deficiency ensues (Vogt & Leifheit-Nestler, 2019). 

The effects of elevated FGF23 in CKD will be further discussed in the sections to follow.    

IV. FGF23 Signaling in the Parathyroid Gland  

In the parathyroid gland, FGF23 normally decreases mRNA expression of PTH 

via the ERK/MAPK pathway (Silver & Naveh-Many, 2012). The effects of FGF23 in the 

parathyroid gland change when FGF23 levels are elevated, as in CKD, and will be 

discussed in a later section. FGF23 binds to FGFR1 in the parathyroid gland and 

activates the ERK signaling pathway to stimulate transcription of EGR1. EGR1 stops 

gene expression and secretion of PTH (Vogt & Leifheit-Nestler, 2019). By targeting the 

bone, kidneys, and small intestine, PTH mainly increases serum calcium and phosphate 

levels. In bone, PTH increases calcium and phosphate resorption (Vogt & Leifheit-

Nestler, 2019) by targeting osteoblasts and osteocytes (Silva & Bilezikian, 2015). In 

osteoblasts and osteocytes, PTH increases the expression of receptor activator of nuclear 

factor-kappa B lingand (RANKL). RANKL then binds to receptor activator of nuclear 

factor-kappa B (RANK) on the surface of a mature osteoclast or hematopoietic precursor 

osteoclasts to promote differentiation and survival or stimulatation of activity, 

respectively. Osteoclasts are responsible for bone resorption leading to increased serum 

calcium and phosphate levels (Silva & Bilezikian, 2015). By inhibiting PTH, FGF23 is 

able to decrease calcium and phosphate resorption of bone.   

In the kidney, PTH stimulates production of 1-α-hydroxylase, catalyzing the 

formation of 1,25(OH)2D3 which leads to phosphate reabsorption (Khan et al., 2020). In 

the small intestine, 1,25(OH)2D3 increases calcium reabsorption via transcellular and 
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paracellular pathways (Khan et al., 2020), while also enhancing expression of sodium-

phosphate co-transporters to increase phosphate reabsorption (Fukumoto, 2014). FGF23 

counteracts the actions of PTH by decreasing PTH mRNA expression and by decreasing 

1-α-hydroxylase expression leading to decreased phosphate reabsorption.  

V. Regulation of FGF23 

Dietary phosphate, 1,25(OH)2D3, PTH, and FGF23 all work together in a series of 

feedback loops, see Figure 4. Dietary phosphate, 1,25(OH)2D3, and FGF23 are part of a 

negative feedback loop where both phosphate and 1,25(OH)2D3 increase FGF23 

expression and FGF23 inhibits phosphate and 1,25(OH)2D3 levels. FGF23 inhibits PTH 

as discussed earlier, however it is unclear if PTH influences FGF23 directly. Because 

PTH increases 1-α-hydroxylase and therefore 1,25(OH)2D3 levels, it is thought that PTH 

stimulates FGF23 expression via 1,25(OH)2D3 in osteoblasts (Bär et al., 2019). 

1,25(OH)2D3 binds to the vitamin D receptor (VDR) in bone and promotes dimerization 

of VDR with retinoid X receptor (RXR). This complex can then bind to Vitamin D 

response elements (VDRE) that regulate gene transcription. Nguyen-Yamamoto et al. 

(2017) performed Chromatin immunoprecipitation (ChIP) analysis that showed both 

active and inactive vitamin D promotes binding of VDR and RXR complex to the 

promoter region of the FGF23 osteoblastic region which supports 1,25(OH)2D3 mediated 

regulation of FGF23.  

It is currently unknown how phosphate stimulates expression of FGF23 (Vogt & 

Leifheit-Nestler, 2019), however it might be via phosphate binding to FGFR1c, 

stimulating ERK signaling in bone (Fukumoto, 2019). Downstream target of ERK by 
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phosphate enhances expression of polypeptide N-acetylgalactosaminyltransferase 3 

(Galnt3) gene. Galnt3 prevents the proteolytic cleavage of FGF23 (Fukumoto, 2019) via 

O-glycosylation at Thr178 during the posttranslational modification process (Richter & 

Faul, 2018). Increasing Galnt3 expression ultimately leads to elevated levels of FGF23.  

 

Figure 4. Regulation of FGF23. Created with BioRender.com. 

VI. FGF23 and Chronic Kidney Disease  

CKD is a progressive disease that is classified into stages based on the Kidney 

Disease Outcome Quality Initiative (KDOQI) guidelines. KDOQI measures the 

estimated glomerular filtration rate (eGFR) and evaluates for evidence of structural 

renal changes to determine kidney disease stages ranging from stage 1 thru 5 (Hill et al., 

2016). In early stages of kidney disease, phosphate secretion is unaffected (Vogt & 

Leifheit-Nestler, 2019), however, FGF23 levels start to increase as early as stage 2 CKD 

(Cozzolino et al., 2018). As patients approach end-stage kidney disease, klotho 

deficiency develops (Zou et al., 2018). Normally, the kidneys maintain klotho levels by 

producing and releasing cleaved klotho from the membrane of tubular epithelial cells 
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and by clearing soluble klotho in urine. A reduction in klotho mRNA expression has 

been positively correlated with eGFR, in that klotho mRNA decreases as eGFR declines 

(Lu & Hu, 2017). Recall, klotho increases FGF23 affinity to FGFR by forming a ternary 

complex. Without klotho, FGF23 has a decreased binding affinity to FGFR1 in the 

kidney and in the parathyroid gland which would disrupt normal FGF23 function at 

these organs. As kidney disease progresses, hyperphosphatemia develops and FGF23 

levels continue to rise with each progressive stage of kidney disease (Wolf, 2012). See 

Figure 5.  

 

Figure 5. FGF23 levels rise as kidney disease progresses (Wolf, 2012).   

As mentioned previously, FGF23 levels start to increase before there is a 

detectable increase in serum phosphate levels which probably is due to the normal 
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effects of FGF23. As a consequence of elevated FGF23, 1,25(OH)2D3 synthesis is 

inhibited by the actions of FGF23 on 1-α-hydroxylase. Low levels of 1,25(OH)2D3 

disrupt intestinal calcium and phosphate absorption. Hypocalcemia triggers the release 

of PTH from the parathyroid gland. Although it was mentioned that FGF23 normally 

suppresses PTH, patients with CKD present with secondary hyperparathyroidism due 

to high FGF23, high phosphate, and low 1,25(OH)2D3 (Kawakami et al., 2017). It is not 

certain whether the lack of FGF23 signaling due to decreased klotho contributes to 

hyperparathyroidism or if FGF23 is directly mediating hyperparathyroidism. Research 

suggests there is evidence of hyperparathyroidism in the presence of FGF23 and α-

klotho suggesting hyperparathyroidism is directly mediated by FGF23 and not by the 

lack of signaling and absence of klotho as is seen in CKD.  

Kawakami et al. (2017), conducted an experiment to study the relationship 

between FGF23 and PTH. A long-term tissue culture system was designed to maintain 

parathyroid cells as they continued to secrete PTH for up to five days. These cells were 

then incubated with 100ng/mL of FGF23 for four days. PTH levels were measured, and 

it was found that PTH was reduced at 1-hour, unchanged at 13-hours, and increased by 

approximately 4-fold at 4 days post FGF23 incubation when compared to the control. To 

determine if canonical FGF23 signaling was mediating the results, FGFR1-3 and α-

klotho were knocked out. The results showed a significant decrease in PTH on the 4th 

day in both groups. The data suggests that long term exposure to FGF23 mediates PTH 

secretion via the canonical signaling pathway and may contribute to 

hyperparathyroidism seen in CKD (Kawakami et al., 2017). The researchers also stained 
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the parathyroid gland for Ki67, a marker for cell cycle progression, and DAPI, which is 

a marker for apoptosis. Phosphorylated ERK was also stained in the FGF23 treated and 

the knockout cells. The results also showed an increased ratio of Ki67 to DAPI in the 

cells that were treated with FGF23 and ERK was strongly phosphorylated. The Ki67 

ratio to DAPI indicated that FGF23 causes cell proliferation in the parathyroid gland 

and the strongly phosphorylated ERK indicated FGF23 signaled via the canonical 

pathway, thus supporting FGF23 mediating secondary hyperparathyroidism via cell 

proliferation and cell signaling mechanisms (Kawakami et al., 2017). Although CKD 

patients have decreased levels of α-klotho, depending on the timing of the decrease and 

the affinity for FGF23, there still might be sufficient α-klotho to mediate a response 

given the abundance of FGF23 present. The chronically elevated levels of FGF23 might 

also be continuously activating FGFR/α-klotho signaling without an appropriate 

balance of stop signals leading to hyperparathyroidism.  

FGF23 levels are among the highest in CKD patients when compared to other 

disease pathologies that also result in high FGF23 levels (Isakova, 2011). In a recent 

study done by Isakova et al. (2018), longitudinal FGF23 trajectories were measured in 

CKD patients over the course of 5 years to determine if serial measurements of FGF23 

correlated with mortality. Prior to this study, onetime FGF23 levels were measured and 

studied. The majority of patients had stable FGF23 levels, however, it was discovered 

that a subgroup of patients had slowly or rapidly rising levels over time. Patients in the 

rapidly rising subgroup had FGF23 levels reaching 2500 RU/ml at 4 years, with the 

stable group staying below 200 RU/ml at 4 years (Isakova et al., 2018). Patients in the 
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rapidly rising group had a >15-fold increased risk of death when compared to patients 

in the stable group (Isakova et al., 2018). In addition, this study compared the hazard 

ratio of death in the three FGF23 trajectory subgroups to trajectory groups of eGFR, 

systolic blood pressure, and phosphate measurements. The rapidly rising FGF23 

subgroup had a higher hazard ratio of death when compared to eGFR, systolic blood 

pressure, and phosphate trajectory groups. The data suggests that rapidly rising levels 

of FGF23 are consistently associated with increased risk of death (Isakova et al., 2018). 

See Figure 6. Although Isakova et al. (2018) analyzed mortality related to FGF23, they 

did not identify the cause of mortality. Because CVD is the leading cause of death in 

CKD patients, elevated FGF23 may be directly contributing to CVD development and 

mortality (Vogt & Leifheit-Nestler, 2019).  
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Figure 6. The rapidly rising FGF23 trajectory group had a higher hazard ratio of death 

when compared to eGFR, systolic blood pressure, and phosphate trajectory groups (Isakova et 

al., 2018). 

VII. FGF23 and Cardiovascular Disease 
 
 As mentioned previously, CVD and CKD are closely interrelated. CKD 

precipitates elevated FGF23, FGF23 has been found to have a central role in pathologic 

cardiac remodeling and is associated with hypertension, LVH, and cardiac fibrosis 

although by different molecular mechanisms (Vogt & Leifheit-Nestler, 2019). One 

mechanism by which FGF23 contributes to cardiovascular risk is through increasing 

sodium-chloride co-transporters in the distal renal tubules via an FGFR1/α-

klotho/ERK1/SGK1 pathway. The conservation of sodium leads to water retention, 

initiating a cascade of hypervolemia and hypertension and precipitating heart failure 

(Andrukhova et al., 2014). Because α-klotho is not expressed in human heart tissue, 

FGF23 was not considered a direct mediator of pathological mechanisms in the heart 

(Leifheit-Nestler & Haffner, 2018). However, in a study by Faul et al. (2011) it was 

discovered that FGF23 can initiate a signaling pathway independent of α-klotho in 

cardiac myocytes leading to LVH in mouse models. This new discovery paved the way 

for more studies on signaling pathways of FGF23 in heart tissue. In the setting of CKD 

and elevated FGF23, it is possible that activation of non-canonical signaling pathway in 

heart tissue induces cardiac fibrosis contributing to CVD risk and mortality.  

In the heart, cardiac myocytes and fibroblasts are key cell types with specific 

receptors and signaling pathways directly mediating fibrosis with stimulation by 
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FGF23. We know that the renin-angiotensin-aldosterone system (RAAS) and TGF-β1 

play key roles in cardiac remodeling. For example, TGF-β1 regulates cell proliferation, 

differentiation, apoptosis, and ECM production in cardiac tissue while also activating 

fibroblasts (Leifheit-Nestler et al., 2018). The local effects of FGF23 and cross talk 

between pathways is key to identifying the pathological roles of each cell type, 

signaling pathways, and proteins involved. These interactions will be discussed in the 

next sections.  

VIII. FGF23 Signaling in the Heart 

It was recently discovered that FGF23 is expressed by cardiac myocytes in a 

retrospective case-control study completed by Leifheit et al. (2016). Left ventricular 

myocardial autopsy samples of healthy patients were compared to that of 24 patients 

with childhood-onset end-stage renal disease. The samples were evaluated for 

expression of endogenous FGF23, FGFR isoforms, klotho, and NFAT using 

immunohistochemistry, immunofluorescence microscopy, qRT-PCR, and western blot. 

The study confirmed expression of FGF23 in cardiac myocytes of healthy hearts via 

immunofluorescence and immunoblot analysis. It was found that FGF23 levels 

correlated with enlarged cardiomyocyte cross -sectional area and induction of brain 

natriuretic peptide (BNP) expression (Leifheit-Nestler et al., 2016), a biomarker for heart 

failure, hypertension, and hypertrophy (Okamoto et al., 2019). Hao et al. (2016) 

performed real-time PCR in neonatal rat cardiac fibroblasts, adult mouse cardiac 

fibroblasts, and adult murine heart which showed elevated FGF23 mRNA levels in 

these cell types versus neonatal rat cardiomyocyte. From these studies we can 
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hypothesize that endogenous FGF23 is expressed in both cell types, cardiac fibroblasts 

and myocytes.    

In CKD patients, FGFR1 and 4 were both expressed in myocardial tissue, 

however FGFR1 isotype was the most abundant, independent of CKD or LVH. 

Increased expression of FGFR4 was found in CKD and was associated with LVH. 

FGFR4 also had a positive correlation with cardiomyocyte cross-sectional area, as 

confirmed by immunohistochemical analysis. In addition, cardiac FGF23 levels were 

positively correlated with FGFR4 expression and negatively with eGFR (Leifheit-

Nestler et al., 2016). The study also confirmed the presence of the calcineurin/NFAT 

signaling pathway in LVH patients and confirmed a positive correlation of calcineurin 

with duration of CKD. Immunohistochemical analysis of myocardial tissue also showed 

nuclear localization of NFAT in CKD patient with LVH. Klotho mRNA was not found 

in heart tissue (Leifheit-Nestler et al., 2016). From this study, we can hypothesize that 

CKD increases cardiac FGF23 levels and up regulates FGFR4 expression. FGF23 signals 

via FGFR4 in an α-klotho independent manner initiating the calcineurin/NFAT 

pathway to induce LVH in cardiac myocytes. Because this FGF23 is signaling 

independent of α-klotho, this study confirms a non-canonical signaling pathway for 

FGF23 via calcineurin/NFAT versus the canonical RAS/MAPK pathway. In addition, 

Hao et al. (2016) found both gene and protein FGFR4 expression in cardiac fibroblasts in 

isolated adult mouse heart. The research supports local FGF23 and FGFR4 expression 

by both cardiac myocytes and fibroblasts.  
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LVH is induced in an α-klotho independent manner via the FGF23/FGFR4 

isoform by targeting cardiac myocytes. FGFR4 are receptor tyrosine kinase dimers that 

auto phosphorylate at tyrosine residues via their cytoplasmic domains when activated. 

The phosphorylation allows for activation of adaptor protein phospholipase Cg (PLCg)  

(Richter & Faul, 2018). PLCg hydrolyzes phosphoinositol 4,5-bisphosphate (PIP2) into 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) (Palkowitsch et al., 2011). 

DAG stays in the cellular membrane where it can recruit and activate protein kinase C 

(PKC). IP3 stimulates release of calcium from the endoplasmic reticulum. The increase in 

intracellular calcium leads to activation of calmodulin, calcium-modulated protein 

(CaM) (Lounsbury, 2009). CaM activates calcineurin phosphatase, which targets nuclear 

factor of activated T cells (NFAT) for dephosphorylation (MacDonnell et al., 2009). 

NFAT induces ventricular remodeling (Grabner et al., 2017) by translocating to the 

nucleus to dictate the expression of certain genes (Richter & Faul, 2018). See Figure 7.  

 

Figure 7. FGF23/FGFR4 mediates LVH via calcineurin/NFAT pathway in cardiac 

myocytes. Created with BioRender.com 
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Grabner et al. (2017) hypothesized that, because FGF23/calcineurin/NFAT 

releases calcium from the endoplasmic reticulum, FGF23 might be protective. This 

study tested if FGF23 effected ventricular contractility via FGFR4 in cardiac muscle 

strips isolated from mice. The results indicated that elevated FGF23 increased isometric 

force by acutely increasing intracellular calcium levels. This was shown to be via 

FGFR4, as muscle strips treated with anti-FGFR4-specific antibody did not show this 

effect. The increase in contractility might be protective initially, however continued 

activation could be counterproductive (Grabner et al., 2017). By increasing contractility 

in the heart, cardiac output increases and perfusion to the kidneys improves. However, 

chronic activation of this system has the potential to be taxing on the heart. The study 

also determined if blocking of FGFR4 attenuated LVH and cardiac fibrosis. The results 

showed a decrease in LVH, however, there was no effect on cardiac fibrosis. These 

result indicate a separate signaling pathway or alternate proteins may be involved in 

the development of cardiac fibrosis (Grabner et al., 2017).  

Another key pathway mediating CVD is activation of the RAAS. Activation of 

the RAAS worsens CKD and contributes to LVH (Böckmann et al., 2019). RAAS is 

involved in the progression of CKD as it is known to promote inflammation, hypoxia, 

and oxidative stress leading to renal fibrosis (Ogbadu et al., 2019). Thus, 

pharmacological inhibitors of RAAS improve survival and decrease mortality in 

patients with CKD (de Seigneux & Martin, 2016). The activation is RAAS is triggered by 

a decrease in renal perfusion. The results by Grabner et al. (2017) indicate FGF23 

increases cardiac contractility, and thus, has the potential to increase renal perfusion 
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which may help counteract RAAS activation. For this reason, the axis between FGF23 

and the RAAS needs to be further elucidated.    

IX. FGF23 and Renin-Angiotensin-Aldosterone System (RAAS) 

 The RAAS is a key mediator of disease progression from acute kidney injury to 

CKD (Ogbadu et al., 2019). It is activated when there is low perfusion to the 

juxtaglomerular apparatus in the kidney and is initiated by secretion of renin from the 

juxtaglomerular cells. Renin is an enzyme that cleaves angiotensinogen, which is 

synthesized in the liver, into angiotensin I (ANGI). Angiotensin converting enzyme 

(ACE) catalyzes the conversion of ANGI to angiotensin II (ANGII) (Böckmann et al., 

2019). ANGII can bind to angiotensin II receptor type 1 (AT1R) or angiotensin II 

receptor type 2 (AT2R), G protein-coupled receptors, which are located at various 

organs. When binding to AT1R, the effects of ANGII are to regulate blood volume and 

vascular tone, tissue hypertrophy and fibrosis, reactive oxygen species (ROS) 

production, and to modulate the inflammatory and immune responses. There are 

several signaling pathways resulting in the various effects of ANGII. The NADPH 

oxidase (NOX) has been identified as one of the pathways contributing to pathology. In 

ventricular myocytes, activation of AT1R activates NOX which leads to activation of 

PKC, MAPK, and AP-1 inducing the expression of TGF-β1, a key factor in development 

of fibrosis (Adamcova et al., 2021).  ANGII promotes differentiation of cardiac 

fibroblasts into activated myofibroblasts, which proliferate and migrate to cardiac tissue 

to for collagen synthesis and ECM remodeling leading to fibrosis (Böckmann et al., 

2019).  
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The effects of AT2R binding are not fully known but oppose the effects of AT1R 

by promoting vasodilation and are antiproliferative, anti-fibrotic, and anti-

inflammatory. ANGII is broken down and cleaved by ACE2, a homolog of ACE, into 

ANG1-7 proteins. ANG1-7 targets the Mas receptor (MasR) and its effects are known to 

oppose the effects of ANGII. The balance between activation of AT1R and AT2R, in 

addition to, ANGII versus ANG1-7 products are what determine the overall effect 

(Adamcova et al., 2021). FGF23 inhibits ACE2, augmenting the effects of ANGII and 

tilting the balance towards a pathological state (Leifheit-Nestler et al., 2018). 

 ANGII in the kidney has been shown to promote cell proliferation and activate 

TGF-β which leads to hypertrophic changes (Ogbadu et al., 2019). Thus, the RAAS has 

been identified as a potential molecular target of FGF23. Böckmann et al. (2019) used 

partially nephrectomized rat models to examine RAAS protein expression in neonatal 

rat ventricular myocytes and fibroblasts (NRVM and NRCF) and hypothesized that 

FGF23 stimulates local RAAS expression in cardiac tissue. The results showed that both 

NRVM and NRCF expressed angiotensinogen, renin, ACE, and AT1R. FGF23 increased 

the levels of angiotensinogen and renin expression in NRVM and angiotensinogen, 

renin, and ACE expression in NRCF. Neither cell increased expression of AT1R in 

response to FGF23 (Böckmann et al., 2019). This study identifies components of the 

RAAS that are expressed in heart tissue and the direct actions of FGF23 on local RAAS 

activation. 

Böckmann et al. (2019) also found a correlation with LV fibrosis and the cross-

sectional area of cardiomyocytes to bone and cardiac FGF23 levels. LV fibrosis 
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correlated with levels of angiotensinogen, ACE, and AT1R, although AT1R was not 

statistically significant. However, the LV fibrosis did not correlate with FGFR4 and 

activation of the FGFR4/calcuneurin/NFAT pathway, indicating that this pathway is 

not involved in LV fibrosis pathogenesis (Böckmann et al., 2019). These findings 

support Leifheit-Nestler et al. (2016) and Grabner et al. (2017) in that 

FGFR4/calcuneurin/NFAT signaling is involved in LVH but not LV fibrosis 

development and thus, the mechanism by which FGF23 mediates LV fibrosis must be 

separate than the one leading to LVH.  

The Leifheit-Nestler et al. (2018) study also studied the effects of RAAS on FGF23 

expression in NRVMs. When treated with ANGII and aldosterone, FGF23 mRNA 

expression increased (Leifheit-Nestler et al., 2018). The evidence provided by these 

studies supports FGF23 initiating the RAAS at cardiac myocytes starting with 

angiotensinogen and then possibly stimulating fibroblasts as mediators of collagen 

synthesis and remodeling seen in cardiac fibrosis. ANGII and FGF23 seem to be part of 

a positive feedback loop in that FGF23 increases ANGII by inhibiting ACE2 and ANGII 

induces expression of FGF23 in cardiac myocytes. Because LV fibrosis is not correlated 

FGFR4/calcuneurin/NFAT pathway but is correlated with proteins of the RAAS, 

FGF23 must be mediating fibrosis via a non-canonical pathway involving the RAAS.  

X. Transforming Growth Factor-β (TGF-β) and WNT/β-Catenin 

 TGF-β is considered the master regulator of fibrogenesis (Działo et al., 2018). Of 

the three isoforms, TGF-β1 is found predominantly in the heart. It is a regulator of cell 

proliferation, differentiation, apoptosis, and ECM production. When activated, TGFβ 
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binds to its heterotrimeric TGF-β receptor, a Ser/The kinase receptor type 1 or type 2 

(Liu et al., 2017) located on cardiac myocytes and fibroblasts (Leifheit-Nestler et al., 

2018). Upon binding to TGF-βR2, the receptor auto-phosphorylates and recruits TGF-

βR1 isoforms, also known as activin receptor-like kinase 5 (ALK5). This activation 

initiates an intracellular cascade starting with phosphorylation of SMAD2 and SMAD3 

proteins (G. Liu et al., 2017). SMAD2 and SMAD3 then bind to SMAD4 in the 

cytoplasm, the SMAD 2/3/4 complex enters the nucleus to induce gene transcription 

(Khalil et al., 2017) of fibrosis related genes such as connective tissue growth factor 

(CTGF) and collagens (Leifheit-Nestler et al., 2018). Noncanonical signaling of TGF-βR1 

and 2 activates the MAPK signaling cascades which include p38, JNK1/2, and ERK1/2 

(Khalil et al., 2017).   

TGF-β can activate ALK isoforms that can activate various SMAD proteins or it 

can activate a signaling cascade independent of the ALK isoform (Liu et al., 2017). 

Using gene knockout, Khalil et al. (2017) identified SMAD3 as the primary transcription 

factor mediating fibrosis via TGF-βR1 and 2 in fibroblasts (Khalil et al., 2017). ANGII 

activates TGF-β signaling pathway in cardiac myocytes and fibroblasts. In the myocyte, 

TGF-β is induced upon binding of ANGII to AT1R. NADPH oxidase isoforms (NOX)2 

and NOX4, which are predominantly found in the heart, are activated via MAPK 

pathways (Zhang et al., 2017) and lead to activation of reactive oxygen species (ROS). 

ROS then contributes to the TGF-β pathway via increasing activity of canonical SMAD-

dependent pathways and noncanonical, p38 and ERK1/2 signaling. ROS also induces 

cytoplasmic translocation of the RNA-binding protein, HuR, which augments the TGF-
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β pathway (Adamcova et al., 2021). In cardiac fibroblasts, ANGII, via the AT1R receptor, 

increases phosphorylation of SMAD2/3 and up-regulates SMAD4 via increased 

expression of TGF-β, TGF-βR1 and 2 while also promoting fibroblast proliferation and 

increasing AT1R transcript  (X. Liu et al., 2019).  

To study the pro-fibrotic effects of FGF23, Leifheit-Nestler & Haffner et al. (2018) 

performed fibrosis gene array analyses in FGF23 and vehicle-stimulated NRCF that 

showed activation of TGF-βR1 and 2 and SMAD2/3/4 complex, although TGF-β1 was 

not induced. In contrast, NRVM only showed induction of the latent TGF-β binding 

protein 1 (ltbp1), which controls the action of TGF-β1 (Leifheit-Nestler et al., 2018). 

These studies suggest FGF23 does not directly influence TGF-β expression, however, it 

does suggest increased response to TGF-β by increasing expression of receptors, 

signaling complexes, and proteins leading to a heightened response in the presence of 

TGF-β.  

Because FGF23 is not directly mediating TGF-β expression, it is hypothesized 

that FGF23 might mediate expression via ANGII. Böckmann et al. (2019) blocked the 

AT1R and mineralocorticoid receptor (MR) in FGF23 stimulated NRCF. The results 

showed reduction in TGF-β and connective tissue growth factor (CTGF) mRNA levels, 

with MR blockade reaching statistical significance (Böckmann et al., 2019). The research 

supports ANGII directly stimulating TGF-β in fibroblasts. The cardiac fibroblasts seem 

to be the target of TGF-β as shown by increased expression of TGF-βR1 and 2 in 

response to FGF23 in the Leifheit-Nestler & Haffner et al. (2018) study and to ANGII in 

the X. Liu et al. (2019) study. 
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Recently, crosstalk between TGF-β and WNT/β-Catenin signaling in cardiac 

fibrogenesis has been studied. TGF-β leads to production and secretion of the WNT 

protein via a transforming growth factor β-activated kinase (TAK1)-dependent pathway 

in cardiac fibroblasts. WNT is a glycoprotein that binds to transmembrane receptor 

complexes that are made of Frizzled and low-density lipoprotein receptor-related 

protein (LRP). Signaling leads to inhibition of the glycogen synthase kinase 3 beta (GSK-

3b) degradation complex that continuously degrades β-catenin (Działo et al., 2018). The 

inhibition of GSK-3b leads to an increase in cytoplasmic β-Catenin which translocates to 

the nucleus where it serves as a transcriptional activator with T-cell factor (TCF) and 

lymphoid enhancer factor (LEF) transcription factors that initiate transcription of WNT 

target genes (Działo et al., 2018) including fibrosis related gene expression (Guo et al., 

2012). WNT is known to be involved in cardiac fibroblast activation while β-catenin 

induces proliferation and suppression of apoptosis. Thus, genetic depletion of β-catenin 

reduces interstitial fibrosis but does not alter the number of activated fibroblasts and 

over inhibition GSK-3b has been shown to induce spontaneous cardiac fibrosis (Działo 

et al., 2018).   

Using immunostaing, Zhao et al. (2019) identified induction of wnt3a isoform 

and β-Catenin in mouse models of hypertrophic cardiomyocytes. AT1R had been 

identified as a downstream target of WNT/β-catenin signaling. The interaction between 

RAAS and wnt3a was studied in in vitro in cardiomyocytes and fibroblasts. In 

cardiomyocytes Wnt3a induced expression of ACE, renin, and AT1R. In cardiac 

fibroblasts, wnt3a induced expression of ACE, angiotensinogen, and AT1R. In addition, 
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inhibition of β-catenin stopped this effect (Zhao et al., 2019). The results indicate 

wnt3a/β-catenin signaling stimulate RAAS protein expression in cardiac myocytes and 

fibroblasts.  

TGF-β, via the PI3K/Akt pathway, inhibits GSK-3b in cardiac fibroblast which 

allows for accumulation of β-catenin. In this way, it is possible that TGF-β is increasing 

β-catenin levels independent of WNT. In cardiac fibroblasts, absence of GSK-3b resulted 

in activation of SMAD3 signaling, and activation of GSK-3b suppresses TGF-β 

signaling. The dependance between TGF-β and β-catenin is supported by mouse 

models having an impaired TGF-β fibrotic response in the absence or inhibition of β-

catenin (Działo et al., 2018). Furthermore, Hao et al. (2016) showed, via western blot, 

enhanced β-catenin in adult mouse cardiac fibroblasts when stimulated by FGF23. 

Because FGF23 activates TGF-βR1/2 and SMAD2/3/4 complex, it is possible that by 

enhancing TGF-β signaling, FGF23 indirectly increases β-catenin levels.   

XI. Conclusion - FGF23 Mediates Cardiac Fibrosis  

The proposed mechanism by which FGF23 mediates cardiac fibrosis in the 

setting of CKD involves activation of the RAAS leading to TGF-β activation. Once 

activated, cross talk between cardiac myocytes and fibroblast leads to fibrogenesis. 

Although Böckmann et al. (2019) did not show a correlation between cardiac fibrosis 

and expression of FGFR4 and activation of calcuneurin/NFAT pathway, it is possible 

that RAAS activation is still initiated by this pathway. In response to FGF23, 

cardiomyocytes increase expression of angiotensinogen, and renin (Böckmann et al., 
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2019) and inhibit ACE2 (Leifheit-Nestler et al., 2018). RAAS activation in the cardiac 

myocyte leads to increased ANGII expression. See Figure 8.  

 

Figure 8. FGF23 increases expression of ANGII in the cardiac myocyte by increasing 

expression of angiotensinogen and renin, and inhibiting ACE2. The receptor and signaling 

pathway is still unknown. Created with BioRender.com 

In the cardiac myocyte, ANGII activates TGF-β signaling via NOX2/4 and ROS 

pathway. ROS leads to increased activity of SMAD, p38, and ERK1/2 signaling 

pathways and induces cytoplasmic translocation of the RNA-binding protein, HuR, 

which augments the TGF- β pathway (Adamcova et al., 2021). ANGII increases FGF23 

expression as part of a positive feedback loop (Leifheit-Nestler & Haffner, 2018). In the 

cardiac myocyte, ANGII increases FGF23 expression, activates, and augments the TGF-

β pathway leading to CTGF and collagen production. See Figure 9.   
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Figure 9. ANGII increases FGF23 expression and activates the TGF-β pathway leading to CTGF 

and collagen production. Created with BioRender.com 

 Crosstalk between cardiac myocytes and fibroblast is initiated by ANGII. ANGII 

expressed by cardiac myocytes activates cardiac fibroblasts (Böckmann et al., 2019) and 

increases expression of TGF-β, TGF-βR1/2, phosphorylation of SMAD2/3 and up-

regulates SMAD4 (Q. Liu et al., 2019). See Figure 10. 
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Figure 10. ANGII activates cardiac fibroblasts, increases expression of TGF-β, TGF-βR1/2, 

phosphorylation of SMAD2/3 and up-regulates SMAD4. Created with BioRender.com 

  In cardiac fibroblasts, FGF23 further increases ANGII by increasing expression of 

angiotensinogen, renin, and ACE (Böckmann et al., 2019) while also increasing 

expression of TGF-βR1/2 and SMAD2/3/4 complex (Leifheit-Nestler & Haffner, 2018). 

Both, FGF23 and ANGII augment TGF-β signaling. See Figure 11. 
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Figure 11. FGF23 increases ANGII expression in the fibroblast by increasing angiotensinogen, 

renin, and ACE. FGF23 augments the TGF-β signaling pathway by increasing expression of 

TGF-βR1/2 and SMAD2/3/4 complex. Created with BioRender.com 

Activation of the TGF-β pathway in the cardiac fibroblasts activates Wnt3a via 

TAK1 pathway (Działo et al., 2018). In addition to activating cardiac fibroblasts (Działo 

et al., 2018), Wnt3a induces angiotensinogen, ACE, and AT1R, increasing RAAS 

activation (Zhao et al., 2019). TGF-β inhibits GSK-3b via PI3K/Akt pathway, resulting in 

increased β-catenin, which translocates to the nucleus and induces pro-fibrotic gene 

expression. β-catenin suppresses apoptosis and promotes proliferation of cardiac 

fibroblasts (Działo et al., 2018). See Figure 12.  
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Figure 12. TGF-β activates wnt3a via the TAK1 pathway and inhibits GSK-3b via 

PI3K/Akt pathway resulting in increased RAAS activation and increased β-catenin, 

respectively. Created with BioRender.com 

TGF-β and wnt3a expression from cardiac fibroblast crosstalk with cardiac 

myocytes. TGF-β in the cardiac myocyte induces CTGF and collagen production. This 

response is augmented by ANGII. Wnt3a increases ANGII expression and signaling by 

inducing expression of renin, ACE, and AT1R (Zhao et al., 2019). Cross talk between 

cardiac myocytes and fibroblasts are summarized in Figure 13. 



 44

 

Figure 13. Summary of FGF23 mediated cardiac fibrosis. TGF-β and wnt3a from cardiac 

fibroblasts crosstalk with cardiac myocytes to induce pro-fibrotic gene expression and augment 

the RAAS, respectively. Created with BioRender.com 

In CKD, FGF23 is expressed systemically and locally. Because sytemic FGF23 

levels are drastically reduced after renal transplant (Bienaimé et al., 2017) and 

interstitial cardiac fibrosis is reduced in patients with functioning renal allograft when 

compared to dialysis patients (Leifheit-Nestler et al., 2018), we believe systemic FGF23 

mediates cardiac fibrosis versus local FGF23. FGF23 initiates fibrogenesis by activating 

the RAAS locally. Wnt3a further augments the RAAS in both cardiac myocytes and 

fibroblasts. Crosstalk between cardiac myocytes and fibroblasts is key since ANGII 
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increases TGF-β and activates the TGF-β pathway, and thus, increases β-catenin. β-

catenin and TGF-β are critical mediators of fibrogenesis though expression of CTGF, 

collagens, and pro-fibrotic genes. 

  Future directions include confirming if systemic versus local FGF23 mediates 

pathology, identifying the exact receptor and signaling mechanisms by which FGF23 

mediates RAAS expression in cardiac myocytes and fibroblasts, and identifying a 

normal range for serum FGF23 concentration. Initially, FGF23 is protective as it 

increases cardiac myocyte contractility improving perfusion, however, when 

chronically elevated it can be detrimental to heart tissue. Not only does it mediate LVH, 

but it is also associated with cardiac fibrosis. The FGF23 serum concentration at which 

pathology develops and the protective effects are no longer beneficial needs to be 

identified. Isakova et al. (2018) identified three trajectory groups and found a 15-fold 

increase in mortality in patients with rapidly rising levels. It is possible that patients in 

this group could be identified earlier which would aloe for closer monitoring of CVD 

leading to decreased mortality.  
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