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Hi, I’m Mark Hanudel from the division of Pediatric Nephrology, and I will discuss our research regarding fibroblast growth factor 23 and iron in chronic kidney disease.



Fibroblast Growth Factor 23 

• FGF23 is a hormone secreted by osteocytes that 
functions as a phosphatonin. 
 

• Increased phosphorus intake results in increased 
circulating FGF23 levels. 
 

• FGF23 lowers serum phosphorus levels by 
inhibiting proximal tubular phosphorus 
reabsorption and by lowering active vitamin D 
levels. 
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What is FGF23?

Fibroblast growth factor 23 is a hormone secreted by osteocytes that functions as a phosphatonin. 

Increased phosphorus intake results in increased circulating FGF23 levels.

FGF23 lowers serum phosphorus levels by inhibiting proximal tubular phosphorus reabsorption and by lowering active vitamin D levels.



FGF23 in Chronic Kidney Disease 

Gutierrez et al, J Am Soc Nephrol 2005.  Faul et al, J Clin Invest 2011.  

Faul et al, J Clin Invest 2011.  
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Why is FGF23 important?

As shown in the box plot, in chronic kidney disease, FGF23 levels increase early, and further increase as glomerular filtration rate declines.

These elevated FGF23 levels help to maintain normophosphatemia until late in the CKD course; however, as shown in the bar graph, elevated FGF23 levels are also associated with the off-target effect of left ventricular hypertrophy. Furthermore, in CKD patients, FGF23 levels are independently associated with increased cardiovascular mortality. This may be secondary to direct cardiotoxic effects. As shown at the bottom of this slide, intravenous injection of FGF23 in mice results in significant cardiac hypertrophy.



Komaba et al, Nat Rev Nephrol 2012. 

FGF23 Processing 
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How is FGF23 produced and processed?

FGF23 is produced by osteocytes and regulated by post-translational modification. Intracellularly, FGF23 is cleaved to varying degrees, such that what is secreted into the circulation is a combination of full-length, intact FGF23 and proteolytic fragments. Only intact FGF23 is able to elicit its physiologic and pathologic effects. There are assays that detect C-terminal FGF23, binding to both the intact hormone and its C-terminal fragment, thus functioning as a surrogate measure of overall FGF23 production, and there are assays that detect only intact FGF23.




FGF23 and Iron 

Imel et al, J Clin Endocrinol Metab. 2011. 
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What is known about iron and FGF23?

It has recently been shown that in humans and mice with normal renal function, iron may represent a novel determinant of FGF23 production. In humans, iron deficiency is associated with higher C-terminal FGF23 levels, as shown in Figure C, but not intact FGF23 levels, as shown in Figure D. However, in patients with autosomal dominant hypophosphatemic rickets, who have a mutation which prevents FGF23 cleavage, iron deficiency is associated with increased levels of both C-terminal FGF23, as shown in Figure A, and intact FGF23, as shown in Figure B. These observations suggest that, in the setting of iron deficiency, FGF23 production is increased; however, cleavage mechanisms are concurrently upregulated in order to maintain normal levels of circulating intact FGF23. 



Objective 

• To determine whether or not iron status 
affects FGF23 production and metabolism in 
the setting of CKD.  
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Our objective was to determine whether or not iron status affects FGF23 production and metabolism in the setting of CKD.



C57BL/6 Mouse Groups and Diets 

 
 

Genotype Dietary Adenine Dietary Iron n 

Wild type No Low (4 ppm) 12 

Wild type No Standard (335 ppm) 12 

Wild type No High (10,000 ppm) 8 

Wild type Yes Low (4 ppm) 12 

Wild type Yes Standard (335 ppm) 14 

Wild type Yes High (10,000 ppm) 15 
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Therefore, we placed wild-type C57BL/6 mice on diets with various iron concentrations (4 ppm, 335 ppm, or 10,000 ppm), with or without adenine, which induces tubulointerstitial damage and chronic kidney disease. The diets began after weaning, at 4 weeks of age, and the mice were sacrificed 8 weeks later, at which time we measured bone FGF23 mRNA expression and circulating FGF23 levels.



FGF23 Parameters 

In CKD, the high iron diet was associated with less FGF23 production  
and a lower percentage circulating intact FGF23. 

Bone FGF23 mRNA Expression Plasma C-terminal FGF23 Levels 

Plasma Intact FGF23 Levels Percentage Intact FGF23 
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This slide shows the FGF23 parameters. The expression data are presented as means and standard errors, and the biochemical data are presented as medians and interquartile ranges, with the whiskers representing the 10th and 90th percentiles. Control mice are on the left half of each graph, and CKD mice are on the right. Blue represents the low iron diet; green represents the standard iron diet; and red represents the high iron diet.

Figure A shows bone FGF23 mRNA expression. For both the Control and CKD mice, iron deficiency resulted in increased FGF23 expression. Among the CKD mice, as dietary iron concentration increased, FGF23 mRNA expression decreased.

Figure B shows circulating C-terminal FGF23 levels, which mirrored mRNA expression. Among the CKD mice, as dietary iron concentration increased, C-terminal FGF23 levels decreased.

Figure C shows intact FGF23 levels, which also were lowest in the high iron groups.

Figure D shows the percentage of circulating FGF23 that is intact, which may be considered a surrogate marker of the activity of FGF23 cleavage mechanisms. Given that C-terminal and intact FGF23 are measured in the same units, the percentage intact FGF23 may be calculated by dividing intact FGF23 values by C-terminal FGF23 values (which account for all FGF23 produced), and multiplying by 100. Although the Control and CKD mice on low iron diets had similarly elevated levels of FGF23 production, as shown in Figures A & B, much more of the secreted FGF23 was intact in the CKD low iron group than in the Control low iron group, as shown in Figure D, suggesting CKD-mediated inhibition of FGF23 cleavage mechanisms. Furthermore, among the CKD mice, the high iron group had a relatively low percentage intact FGF23.

Therefore, in CKD, the high iron diet was associated with the lowest levels of FGF23 production and a lower percentage intact FGF23. However, iron happens to be an effective enteral phosphorus binder. As such, the CKD mice on the high iron diet had normal serum phosphorus levels, whereas the other two CKD groups had elevated phosphorus levels. Therefore, it is unclear whether the effects on FGF23 were mediated by high iron levels or by relatively low phosphorus levels.



Genotype Dietary Adenine Dietary Iron n 

Hepcidin knockout No Low (4 ppm) 9 

Hepcidin knockout No Standard (335 ppm) 12 

Hepcidin knockout Yes Low (4 ppm) 8 

Hepcidin knockout Yes Standard (335 ppm) 8 

C57BL/6 Mouse Groups and Diets 
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However, we also used hepcidin knockout mice, which allowed us to better separate the effects of iron from the effects of phosphorus. 

In CKD, levels of the iron regulatory hormone hepcidin increase. Elevated hepcidin levels result in iron sequestration, resulting in functional iron deficiency and anemia of chronic disease. The hepcidin knockout mice allowed us to eliminate the effects of hepcidin-mediated iron sequestration in the CKD model. Moreover, the hepcidin knockout mice became iron loaded on the 335 ppm diet, which did not bind much enteral phosphorus, thus allowing us to more clearly assess the role of iron.




FGF23 Parameters 

The CKD iron deficient and iron loaded groups had similar phosphorus levels;  
however, the CKD iron loaded group had less FGF23 production. 

Bone FGF23 mRNA Expression Plasma C-terminal FGF23 Levels 

Plasma Intact FGF23 Levels Percentage Intact FGF23 
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This slide shows FGF23 parameters for the hepcidin knockout mice. Control mice are on the left half of each box plot, and CKD mice are on the right. Blue represents the iron deficient diet, and green represents the iron loading diet.

Unlike the wild type CKD mice, the iron loaded and iron deficient hepcidin knockout CKD mice had similar serum phosphorus concentrations. Despite similar phosphorus levels, the iron loaded CKD mice had lower FGF23 mRNA expression, as shown in Figure A, and lower circulating C-terminal FGF23 levels, as shown in the right half of Figure B, demonstrating the effects of iron on FGF23 production in CKD, independent of phosphorus. 

However, FGF23 cleavage may be more dependent on phosphorus. As shown in Figure D, in the iron loaded hepcidin knockout CKD mice, which had high phosphorus levels, all of the circulating FGF23 was intact. This is in contrast to the iron loaded wild type CKD mice, which had normal phosphorus levels, in whom only about 60% of the circulating FGF23 was intact. These data suggest that phosphorus plays an important role in FGF23 cleavage.



Predictor Variable Coefficient (95% CI) p-value Adjusted R2 n 

Standardized Serum Phosphorus 0.23 (0.10, 0.36) 0.001 
0.29 57 

Standardized Liver Iron -0.17 (-0.30, -0.04) 0.013 

Association of predictor variables with log cFGF23 in CKD mice: 

Multiple Linear Regression Modeling 

Association of predictor variables with percentage intact FGF23 in CKD mice: 

Predictor Variable Coefficient (95% CI) p-value Adjusted R2 n 

Standardized Serum Phosphorus 13.7 (3.9, 23.3) 0.008 
0.13 57 

Standardized Liver Iron 11.4 (1.7, 21.1) 0.025 

In CKD, both iron and phosphorus were independently associated  
with C-terminal FGF23 levels  and percentage intact FGF23. 
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Finally, to further assess the independent effects of iron and phosphorus on FGF23 parameters in CKD, we performed multiple linear regression analyses.

[Log transformation of the outcome variable, C-terminal FGF23, and standardization of the predictor variables, serum phosphorus and liver iron, resulted in normally distributed residuals with constant variance, fulfilling the assumptions of linear regression modeling, and allowing for direct comparison of the predictors.]

In the first model, log-transformed C-terminal FGF23 was the outcome variable, and standardized serum phosphorus and standardized liver iron were the predictor variables. As shown in the upper table, for every one standard deviation increase in serum phosphorus, there was a 0.23 increase in log C-terminal FGF23 and, for every one standard deviation increase in liver iron, there was a 0.17 decrease in log C-terminal FGF23.

In the second model, percentage intact FGF23 was the outcome variable, and standardized serum phosphorus and standardized liver iron were the predictor variables. As shown in the bottom table, for every one standard deviation increase in serum phosphorus, there was a 13.7% increase in the percentage intact FGF23 and, for every one standard deviation increase in liver iron, there was an 11.4% increase in the percentage intact FGF23.

Thus, in CKD, phosphorus was positively associated with C-terminal FGF23 levels and percentage intact FGF23. This makes sense as, when serum phosphorus increases, FGF23 production should increase and a higher percentage of secreted FGF23 should be intact, in order to effectively decrease the phosphorus levels.

Iron was negatively associated with C-terminal FGF23 levels, but positively associated with percentage intact FGF23. This suggests that, in CKD, independent of phosphorus, iron deficiency is associated with increased FGF23 production and decreased percentage intact FGF23, similar to what has been observed in non-CKD cohorts.



Conclusions 

• In mice with impaired kidney function, iron 
status affects FGF23 production and 
metabolism, independent of the effects of 
serum phosphorus. 
 

• Iron may represent a potentially modifiable 
determinant of FGF23 levels in CKD patients. 
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Therefore, we conclude that, in mice with impaired kidney function, iron status affects FGF23 production and metabolism, independent of the effects of serum phosphorus.

Thus, iron may represent a potentially modifiable determinant of FGF23 levels in CKD patients.




Future Directions 

• Conduct in vitro and in vivo studies to assess 
how iron and phosphorus may affect 
expression and bioactivity of regulatory 
enzymes involved in FGF23 cleavage. 
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Next, we plan to conduct in vitro and in vivo studies to assess how iron and phosphorus may affect the expression and bioactivity of regulatory enzymes involved in FGF23 cleavage.



Thank You 

• UCLA Center for Iron 
Disorders 
– Tomas Ganz 
– Elizabeta Nemeth 
– Erika Valore 
– Victoria Gabayan 
– Kristine Chua 

 

• UCLA Pediatric 
Nephrology 
– Isidro Salusky 
– Kate Wesseling-Perry 
– Renata Pereira 

Research supported by a UCLA K12 Child Health Research 
Career Development Award (NIH 5K12HD034610-18).  
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I would like to thank the UCLA Center for Iron Disorders, including Dr. Ganz, Dr. Nemeth, Erika Valore, Victoria Gabayan, and Kristine Chua. I would also like to thank the division of Pediatric Nephrology, including Dr. Salusky, Dr. Wesseling-Perry, and Dr. Per-Era. Thank you.
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