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BACKGROUND: Elevation of FGF23 (fibroblast growth factor 23) and decreased Klotho levels have been associated with various 

cardiovascular and renal diseases. However, the combined study of the FGF23–Klotho axis in ischemic heart disease remains 

elusive.

METHODS: We analyzed the associations between circulating FGF23 and Klotho levels with cardiac and renal parameters, as 

well as mortality outcomes following myocardial infarction (MI). Cardiac tissue from patients with ischemic heart disease and a 

post-MI mouse model were analyzed to assess myocardial FGF23 expression. Proteomic analysis was performed to examine 

myocardial pathways activated by FGF23 and regulated by Klotho.

RESULTS: We observed an inverse correlation between circulating levels of FGF23 and Klotho in patients after MI. Elevated 

plasma FGF23 levels were particularly associated with ST-segment–elevation MI and cardiac dysfunction, including reduced 

left ventricular ejection fraction, prolonged corrected interval, and higher Killip–Kimball classification of cardiac risk, identify-

ing FGF23 as a potential prognostic marker of overall and cardiac-related mortality. In contrast, systemic Klotho levels were 

reduced in patients with ST-segment–elevation MI but did not correlate with mortality. In cardiac tissue, ischemic injury sig-

nificantly upregulated FGF23 expression. Although Klotho prevented FGF23-induced proteomic alterations, it did not inhibit 

cardiac FGF23 overexpression in the post-MI model.

CONCLUSIONS: FGF23 represents a promising biomarker for mortality and cardiac dysfunction in patients with MI. Although 

Klotho does not appear to be a reliable predictor of mortality after MI, its cardioprotective properties suggest a role in modulat-

ing FGF23-driven metabolic, structural, and proliferative processes in the myocardium.
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Ischemic heart disease (IHD) is a leading cause of 

morbidity and mortality worldwide and arises from 

reduced coronary blood flow, which results in 

myocardial oxygen deprivation. The primary clinical 

manifestation of IHD is myocardial infarction (MI),1,2

which is categorized as ST-segment–elevation MI 
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(STEMI) or non–ST- segment–elevation MI (NSTEMI) on 

the basis of ECG findings.3 Following an acute isch-

emic event, the myocardium undergoes a complex re-

modeling process. Initially, compensatory hypertrophy 

occurs in noninfarcted regions of the heart to maintain 

cardiac output. However, over time, this adaptative 

mechanism can progress to left ventricular dilatation, 

impairing ventricular function and increasing the risk 

of heart failure (HF), ultimately leading to cardiovascu-

lar death in many cases. The prognosis is particularly 

poor in patients with concomitant renal dysfunction, 

because reduced renal function is a strong predictor of 

adverse outcomes, including higher rates of in- hospital 

mortality and long- term mortality from any cause.4 

Alterations in mineral metabolism, including increased 

circulating levels of FGF23 (fibroblast growth factor 23) 

and decreased levels of Klotho, an antiaging factor, 

are established biomarkers of progressive renal dis-

ease.5,6 The FGF23–Klotho axis plays a critical role in 

phosphate homeostasis. FGF23, a phosphaturic hor-

mone, primarily acts on the kidneys, inhibiting sodium–  

phosphate cotransporters in the proximal tubule to 

increase urinary phosphate excretion.7 This action re-

quires Klotho, a necessary cofactor for FGF23 to bind 

to and activate FGFR1 (FGF23 receptor 1) in the renal 

tubules.8 In addition to its established renal role, the 

FGF23–Klotho axis has recently emerged as a signifi-

cant factor in cardiac tissue.9,10 Although the precise role 

of circulating and cardiac FGF23 is still under investiga-

tion, it has been proposed to contribute to the complex 

interplay between cardiomyocytes, fibroblasts, endo-

thelial cells, and macrophages through autocrine or 

paracrine signaling.11 Similarly, soluble systemic Klotho 

has been implicated in cardiovascular diseases, with 

lower levels associated with the presence and severity 

of HF.12 Experimental studies, including our own, have 

demonstrated the cardioprotective effects of Klotho 

therapy in various cardiovascular and renal patholo-

gies. These benefits include anti- inflammatory effects, 

the mitigation of necrosis and maladaptive cardiac 

and electrical remodeling, the prevention of intracellu-

lar Ca2+ mishandling, and the reduction of arrhythmic 

events in cardiomyocytes.13–17 These findings suggest 

that exogenous Klotho supplementation could be a 

promising therapeutic strategy for cardiorenal dis-

ease. Despite growing evidence supporting the roles 

of FGF23 and Klotho in cardiovascular pathology, their 

specific interplay remains unclear. There is a need for 

additional predictive biomarkers to improve early risk 

stratification following MI and to identify novel thera-

peutic strategies. This study investigated the potential 

role of the FGF23–Klotho axis in IHD by evaluating its 

function as a potential predictive biomarker for adverse 

outcomes after MI as a therapeutic target.

METHODS
Data, analytic methods, and study materials will be 

made available to other researchers for purposes of 

reproducing the results or replicating the procedure, 

upon reasonable request to the corresponding author. 

Ethical approval was obtained from the Clinical Trials 

and Medicines Ethics Committee of the University 

Hospital 12 de Octubre (16/250). All procedures 

were conducted in accordance with the Declaration 

of Helsinki and approved through the Biobanks and 

Biomodels Platform of the Carlos III Health Institute. 

Signed informed consent was obtained from all 

 patients. The study involving experimental animals 

was approved by the Bioethics Committee of the 

RESEARCH PERSPECTIVE

What is New?
• Following myocardial infarction, elevated cir-

culating levels of FGF23 (fibroblast growth fac-

tor 23), but not reduced levels of Klotho, are 

strongly associated with adverse cardiac out-

comes and increased cardiovascular mortality, 

particularly in patients with ST- segment–eleva-

tion myocardial infarction, highlighting FGF23 as 

a relevant biomarker linked to cardiac risk after 

myocardial infarction.

• Supplementation with recombinant Klotho ap-

pears to exert cardioprotective effects by atten-

uating FGF23- dependent signaling pathways in 

cardiac tissue.

What Question Should Be Addressed 
Next?
• This study raises the question of whether tar-

geting the FGF23–Klotho axis may improve 

post- myocardial infarction cardiac progno-

sis, and future research should investigate the 

therapeutic potential and mechanisms of Klotho 

supplementation in ischemic heart disease.

Nonstandard Abbreviations and Acronyms

FGF23 fibroblast growth factor 23

FGFR1 fibroblast growth factor receptor 1

GRACE Global Registry of Acute Coronary 

Events

IHD ischemic heart disease

PMI post- myocardial infarction

QTc corrected QT interval

TGF- β transforming growth factor β
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Autonomous University of Madrid and the Directorate 

General of Agriculture and Environment, Community 

of Madrid (PROEX 186.5/20), according to the Guide 

for the Care and Use of Laboratory Animals and 

Ethical Care and Welfare Guidelines (2013/175) of the 

European Union (2010/63/EU).

Study Population
This observational study was conducted and reported 

in accordance with the Strengthening the Reporting 

of Observational Studies in Epidemiology guidelines.18 

Eligible patients were recruited from 2 independ-

ent cohorts. We performed a retrospective analy-

sis of 2 cohorts of patients. The first cohort included 

148 patients (aged >18 years) diagnosed with MI. The 

plasma samples collected at hospital admission were 

provided by the biobank of the University Hospital 

Puerta del Hierro Majadahonda (Madrid, Spain). The 

second cohort comprised 10 patients with IHD and 7 

healthy controls. In this cohort, cardiac tissue samples 

were obtained from the biobank of the Principado de 

Asturias (Oviedo, Spain).

Experimental Post- Myocardial Infarction 
Model
All experimental procedures involving animals were 

conducted in accordance with the Animal Research: 

Reporting of In Vivo Experiments guidelines to ensure 

transparency and reproducibility in animal research.19 

C57BL/6J adult mice underwent permanent ligation 

of the left anterior descending coronary artery. The 

effectiveness of the MI murine model was confirmed 

by quantification of infarct size 24 hours after perma-

nent left anterior descending coronary artery ligation 

using Evans Blue and 2,3,5- triphenyltetrazolium chlo-

ride staining. Sham- operated and MI mice were ran-

domly sex- matched and assigned to 2 groups. Each 

group received daily intraperitoneal injections of either 

0.9% sodium chloride (vehicle) or recombinant murine 

Klotho (10 μg/kg per day) (1819- KL- 050; R&D Systems, 

Minneapolis, MN). Sham or post- MI (PMI) surgery 

mice were blindly randomized using simple randomi-

zation to receive either vehicle solution (0.9% sodium 

chloride) or murine recombinant Klotho (10 μg/kg per 

day). The animals were distributed into the following 4 

experimental groups: sham mice treated with vehicle 

(Sham) or recombinant Klotho (Sham+Klotho) and PMI 

mice treated with vehicle (PMI) or recombinant Klotho 

(PMI+Klotho). All the animals were euthanized 15 days 

postsurgery, and heart tissue samples were collected 

for molecular analysis. A total number of 65 mice 

were used to perform all experimental procedures; 

7 animals died before the predefined end point, and 

2 were excluded according to the exclusion criteria. 

Twenty- four hours after surgery, an ECG was recorded 

for the inclusion/exclusion criteria. Thus, animals were 

included for subsequent analyses only if they exhibited 

a clear deep and wide negative Q wave on the 24- hour 

ECG, indicative of a transmural infarct and significant 

ischemic necrosis. This variable was used as the pri-

mary outcome. Animals that did not show this elec-

trocardiographic pattern were excluded. Following this 

criterion, 2 mice were excluded.

Analysis of Systemic FGF23, Klotho, and 
Phosphorus Levels
Plasma samples from patients with MI were analyzed 

for systemic levels of FGF23, Klotho, and phosphates 

via the following commercial ELISA kits: microVue 

human FGF23 C- Term (Quidel, San Clemente, CA), 

human soluble α Klotho (IBL- America, Minneapolis, 

MN), and a colorimetric phosphorus assay kit (Abcam, 

Cambridge, United Kingdom).

Real- Time Quantitative Polymerase 
Chain Reaction, Western Blotting, and 
Immunohistochemistry
For molecular analyses (protein and RNA extrac-

tion) of murine FGF23, the entire left ventricles were 

processed, excluding the infarcted area. Paraffin- 

embedded and frozen tissues from human left ventri-

cles were used for immunohistochemistry and protein/

RNA extraction. Real- time quantitative polymerase 

chain reaction was performed on a LightCycler 480 

II instrument (Roche, Basel, Switzerland) in 96- well 

plates with FastStart Essential DNA Green Master Mix 

(Roche). Western blotting analysis was used to detect 

FGF23 protein expression. Bands were visualized via 

chemiluminescence with an enhanced chemilumines-

cence substrate (Thermo Fisher Scientific, San Jose, 

CA) and detected with an ImageQuant LAS4000 im-

aging system (GE Healthcare, Piscataway, NJ) via 

ImageQuant TL 8.1 software. Cardiac tissue samples 

were fixed in 4% paraformaldehyde, cryoprotected in 

30% sucrose, embedded in paraffin, and processed 

for FGF23 immunohistochemical staining. Sections 

were examined under blinded conditions using an op-

tical microscope (BX41; Olympus, Tokyo, Japan). For 

murine immunohistochemistry, myocardial sections 

were consistently taken from the left ventricle approxi-

mately 2 to 3 mm below the left atrium, using the liga-

tion site as reference.

Proteomic Analysis
A total of 9 healthy Wistar rats (200 g) were used to 

perform this proteomic analysis. Rat hearts were 

retrogradely perfused via the ascending aorta with 
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vehicle (0.9% saline solution), FGF23 (100 ng/mL), or 

Klotho (100 ng/mL), which was administered 20 min-

utes before the administration of FGF23. Perfusion 

was conducted via a Langendorff system at 37 °C. 

Recombinant murine FGF23 and Klotho were pur-

chased from R&D Systems. Frozen heart samples 

were lysed. Protein extracts were digested via the filter- 

aided sample preparation method.20 High- resolution 

analysis of the tandem mass tag- labeled peptides was 

conducted on an Ultimate 3000 high- performance liq-

uid chromatography system (Thermo Fisher Scientific) 

coupled to a Tribrid Orbitrap mass spectrometer 

(Orbitrap Fusion; Thermo Fisher Scientific). For peptide 

identification, the tandem mass spectrometry spectra 

were searched against the UniProt rat protein database 

(UniProt_Nov 2017; 29 971 sequences) via the Sequest 

algorithm21 implemented in Proteome Discoverer 2.1 

(Thermo Fisher Scientific,22 concatenated with decoy 

sequences generated via DecoyPyrat).23 The iSanXoT 

program24,25 was used to quantify the tandem mass 

tag reporter ion intensities of the fragmentation spectra. 

Quantitative information was integrated from the spec-

trum to the peptide and protein levels via the weighted 

spectrum, peptide, and protein statistical model26 and 

the generic integration algorithm.27 Quantitative protein 

values are expressed via the standardized variable Zq 

(ie, normalized log2 ratios expressed in units of stand-

ard deviation according to the estimated variances). 

Twenty- one proteins of interest were analyzed via 

online DAVID (Database for Annotation, Visualization, 

and Integrated Discovery) Bioinformatics Resources 

software (v2023q4), and their functions were assessed 

according to Gene Ontology terms.28,29 Cord graphs 

were plotted via a free online platform for data analy-

sis and visualization, representing biological process 

terms according to Gene Ontology (https:// www. bioin 

forma tics. com. cn/ en).

Statistical Analysis
Parametric comparisons of means were evaluated 

via Student t test or 1- way ANOVA, followed by the 

Newman–Keuls test post hoc. The Spearman coef-

ficient was used to assess correlations. Binary logis-

tic regression analysis was used to develop mortality 

prediction models, and their performance was evalu-

ated via receiver operating characteristic analysis to 

calculate the area under the curve. Direct compari-

sons between areas under the curve were performed 

using the paired method described by Hanley and 

McNeil for correlated receiver operating characteristic 

curves.30 Optimal cutoff points were identified via the 

Youden index. Multivariate linear regression analysis 

was performed to evaluate the relationship between 

FGF23 levels and the Killip–Kimball  classification ad-

justed by age, sex, estimated glomerular filtration 

rate (eGFR), or C- reactive protein. Data analysis was 

performed via GraphPad Prism version 10 software 

(GraphPad Software, La Jolla, CA) or SPSS Statistics 

v22 (IBM, Armonk, NY). The data are presented as the 

means±SDs, and statistical significance was indicated 

as specific P values in each figure.

A more extensive section of material and methods 

is provided in Data S1.

RESULTS
Elevated Systemic FGF23 and Lower 
Klotho Levels Are Linked to Increased 
Myocardial Damage in Patients With MI
The demographic characteristics of the 148  patients 

with MI included in the study are presented in Table S1. 

No differences were observed in FGF23 levels by the 

presence or absence of major comorbidities/risk fac-

tors such as diabetes, hyperlipidemia, hypertension, 

previous IHD, or smoking, as well as by sex (data not 

shown). FGF23 levels were stratified by quartiles of 

systemic FGF23 levels (reference units per milliliter) in 

Table  S2. Although sex distribution and body mass 

index were similar across quartiles, significant differ-

ences were observed in age and cardiac mortality. 

Patients in the highest FGF23 quartile (Q4) were older 

and exhibited a greater incidence of cardiac death. 

Medical history, including hypertension, dyslipidemia, 

diabetes, current smoking, or previous IHD, was simi-

lar across quartiles. However, there was a significant 

difference in the percentage of  patients with STEMI 

across FGF23 quartile levels, with a lower percentage 

of patients with STEMI in Q1. With respect to labo-

ratory findings, significant differences were found in 

C- reactive protein, with higher FGF23 levels associ-

ated with increased inflammation. No significant dif-

ferences were found in N- terminal pro- brain natriuretic 

peptide, high- sensitivity troponin I (TnI), phosphate, or 

Klotho levels between quartiles. A significant inverse 

correlation was identified between systemic FGF23 

and Klotho levels (r=−0.166; P=0.043). Compared 

with patients with NSTEMI, patients with STEMI pre-

sented significantly higher systemic FGF23 levels 

(Figure 1A) and lower Klotho levels (Figure 1B), sug-

gesting an association between elevated FGF23, re-

duced Klotho, and greater myocardial ischemic injury 

characteristic of STEMI. To further investigate this re-

lationship, patients were stratified by renal function: 

eGFR ≥90 mL/min per 1.73 m2 (preserved) and eGFR 

<90 mL/min per 1.73 m2 (impaired). Among patients 

with preserved renal function, those with STEMI had 

significantly higher FGF23 levels and lower Klotho lev-

els (Figure 1C and 1D). Compared with patients with 

NSTEMI, patients with STEMI presented elevated 

FGF23 and reduced Klotho levels in impaired renal 
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function (Figure  1C and 1D). Notably, patients with 

STEMI with impaired renal function had significantly 

higher FGF23 levels than did those with preserved 

renal function (Figure 1C), and there was a trend to-

ward lower Klotho levels (Figure  1D). Overall, these 

findings suggest that elevated systemic FGF23 and 

lower Klotho levels are associated with more severe 

myocardial ischemic damage in patients with STEMI 

regardless of renal function, although these changes 

are exacerbated by renal impairment.

Elevated Systemic FGF23 Plasma Levels 
in Patients With MI Are Associated 
With Long- QT Syndrome, Reduced 
Left Ventricular Ejection Fraction, and 
Increased Killip–Kimball Classification
Patients were first stratified by the corrected QT (QTc) 

interval at hospital discharge; a prolonged QTc inter-

val ≥450 ms is linked to an increased risk of ventricu-

lar arrhythmias and sudden cardiac death.31 Patients 

with a prolonged QTc ≥450 ms had significantly higher 

systemic FGF23 levels than did those with a normal 

QTc interval (<450 ms; Figure 2A). Patients with a re-

duced left ventricular ejection fraction (LVEF) (<50%), 

indicative of impaired cardiac function,31 presented 

higher, although not statistically significant, FGF23 

levels than those with a preserved LVEF (≥50%; 

Figure  2C). These associations remained significant 

in patients with normal renal function (eGFR ≥90 mL/

min per 1.73 m2; Figure 2B and 2C), whereas no sig-

nificant differences were observed in patients with 

eGFRs <90 mL/min per 1.73 m2. To further evalu-

ate cardiac risk, the Killip–Kimball scale was used to 

stratify patients into 4 classes on the basis of cardiac 

complications32: low- risk (Killip I) and high- risk (Killip 

II–IV). Systemic FGF23 levels were significantly el-

evated in high- risk patients compared with low- risk 

patients (Figure 2E). These associations remained sig-

nificant in patients with eGFR <90 mL/min per 1.73 m2 

(Figure  2F). Furthermore, among high- risk patients, 

those with impaired renal function presented the high-

est FGF23 levels (Figure  2F). Multivariate linear re-

gression analysis confirmed an association between 

Figure 1. FGF23 and Klotho levels and their relationship with renal function in patients with 

ischemic heart disease.

Plasma levels of (A) FGF23 and (B) Klotho in patients with NSTEMI (N=31 and N=37, respectively) and 
patients with STEMI (N=97 and N=107, respectively). Plasma levels of (C) FGF23 and (D) Klotho in patients 
with NSTEMI and STEMI classified by renal function (eGFR ≥90 mL/min per 1.73 m2 or <90 mL/min per 
1.73 m2). Beeswarm plots show the median, the interquartile range (25th–75th percentiles), and the 
minimum and maximum values. Scatter plots show the mean±SD. eGFR indicates estimated glomerular 
filtration rate; FGF23, fibroblast growth factor 23; NSTEMI, non–ST- segment–elevation myocardial 
infarction; and STEMI, ST- segment–elevation myocardial infarction.
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plasma FGF23 levels and the Killip–Kimball classifi-

cation, independent of age, sex, eGFR, or C- reactive 

protein (Table 1). These findings suggest that elevated 

systemic FGF23 levels are associated with worse 

prognosis and cardiac conditions, highlighting the 

significant impact of renal impairment on FGF23 levels 

and underscoring the prognostic value of FGF23 as a 

biomarker of  adverse cardiac outcomes after MI.

Systemic FGF23, but Not Klotho, 
Demonstrates Predictive Value for 
Mortality in Patients With MI at Hospital 
Admission
The predictive value of FGF23 and Klotho for all- 

cause mortality and cardiac- specific mortality was as-

sessed in patients with MI. Compared with survivors, 

Figure 2. FGF23 levels and their relationship with cardiac function, rhythm, and risk in patients 

with ischemic heart disease.

Systemic levels of FGF23 in patients after myocardial infarction based on QTc values at discharge (<450 
ms or ≥450 ms) (N=50 and N=41, respectively) (A), according to cardiac function (LVEF ≥50% or <50%) 
(N=74 and N=55, respectively) (C), according to the Killip–Kimball classification in low- risk (Killip I) and 
high- risk (Killip II–IV) patients (E), and after stratification by renal function (eGFR ≥90 mL/min per 1.73 m2 
or <90 mL/min per 1.73 m2) (B, D, F). Beeswarm plots show the median, the interquartile range (25th–75th 
percentiles), and the minimum and maximum values. Scatter plots show the mean±SD. eGFR indicates 
estimated glomerular filtration rate; FGF23, fibroblast growth factor 23; LVEF, left ventricular ejection 
fraction; and QTc, corrected QT.
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nonsurvivors presented significantly higher systemic 

FGF23 levels (Figure  3A), whereas no significant dif-

ferences in systemic Klotho levels were observed be-

tween these groups (Figure 3B). Similarly, cardiac death 

was associated with elevated FGF23 levels in patients 

after MI (Figure 3D), whereas Klotho plasma levels re-

mained unchanged (Figure 3E). To assess the ability 

of these biomarkers to be associated with mortality, 

we analyzed the area under the curve of the receiver 

operating characteristic curves (Figure  3C and 3F; 

Table 2). The results revealed that systemic FGF23, but 

not Klotho, effectively differentiated between  patients 

with MI who died and those who survived, irrespective 

of the cause of death (P=0.0014 for all- cause mortality 

and P=0.0073 for cardiac- specific mortality; Table 2). 

Furthermore, the Youden index identified cutoff values 

for systemic FGF23 of 64.2 RU/mL for all- cause mor-

tality and 65.2 RU/mL for cardiac- specific mortality, 

which yielded a positive predictive value of 0.73 and 

a negative predictive value of 0.88, indicating a low 

probability of false negatives. The area under the curve 

comparisons between FGF23 and Klotho for both all- 

cause and cardiac mortality did not reach statistical 

significance. These findings suggest that FGF23, unlike 

Klotho, may serve as a valuable prognostic biomarker 

for mortality risk assessment in patients with MI.

Cardiac FGF23 Is Overexpressed in the 
Ischemic Myocardium and Remains 
Elevated in the Presence of Klotho
To investigate the impact of ischemic cardiomyopathy 

on cardiac FGF23 levels, we examined cardiac tissue 

from patients with IHD. Compared with healthy donors, 

patients with IHD presented significantly elevated lev-

els of cardiac FGF23 at both the mRNA (Figure 4A) and 

protein (Figure 4B) levels. Immunohistochemical analy-

sis confirmed strong cardiac FGF23 overexpression 

(brown staining) in both transverse (Figure 4C, panel b) 

Table 1. Multivariate Linear Regression Analysis of the 

Contribution of FGF23 Plasma Levels to Killip–Kimball 

Classification

Killip–Kimball

β
Upper 
limit

Lower 
limit P value

Not adjusted 0.003 0.004 0.002 <0.001

Adjusted by 

age and sex

0.002 0.003 0.001 <0.001

Adjusted by 

eGFR

0.002 0.003 0.001 0.002

Adjusted by 

CRP

0.0025 0.004 0.001 0.007

CRP indicates C- reactive protein; eGFR, estimated glomerular filtration 

rate; and FGF23, fibroblast growth factor 23.

Figure 3. Systemic FGF23, but not Klotho, predicts global and cardiac mortality in patients after myocardial infarction.

Systemic levels of FGF23 (A) and Klotho (B) in surviving (N=113) and nonsurviving (N=35) patients. C, Receiver operating characteristic 
curves of FGF23 and Klotho levels and their capacity to predict overall mortality. Systemic levels of FGF23 (D) and Klotho (E) in 
patients with noncardiac death (n=19) or cardiac death (n=8). F, Receiver operating characteristic curves of FGF23 and Klotho levels 
and their capacity to predict cardiac mortality. Beeswarm plots show the median, the interquartile range (25th–75th percentiles), and 
the minimum and maximum values. FGF23 indicates fibroblast growth factor 23.

D
ow

nloaded from
 http://ahajournals.org by on July 16, 2026



J Am Heart Assoc. 2026;15:e045175. DOI: 10.1161/JAHA.125.045175 8

Vázquez- Sánchez et al FGF23 Prognosis and Klotho Modulation in MI

and longitudinal (Figure 4C, panel d) myocardial tissue 

sections from patients with IHD compared with healthy 

donor tissue (Figure 4C, panels a and c).

To validate these findings, we used a PMI mouse model. 

A significant positive correlation was observed between 

circulating FGF23 and troponin T (TnT) levels 24 hours 

after left anterior descending coronary artery ligation 

(r=0.6035, P=0.0493), indicating that FGF23 release is 

associated with the extent of acute myocardial injury 

during the early phase. In contrast, no correlation was 

detected between TnT and Klotho levels following exper-

imental MI induction. PMI mice presented significant in-

creases in cardiac FGF23 at both the mRNA (Figure 5A) 

and protein (Figure  5B) levels compared with sham- 

operated mice. Immunohistochemical analysis corrobo-

rated these results, revealing elevated FGF23 expression 

in transverse and longitudinal cardiac sections from PMI 

mice (Figure 5C, panels b and e). Because Klotho may 

have therapeutic potential in IHD,17 we studied whether its 

application could restore FGF23 levels after MI. PMI mice 

were treated with recombinant murine Klotho (10 μg/

kg per day) for 15 days, beginning immediately after in-

farction induction. PMI mice showed a survival rate of 

62.5%, whereas Klotho- treated PMI animals reached 

75.5% (Figure S1). However, Klotho treatment failed to 

prevent the increase in cardiac FGF23 levels (Figure 5A 

and 5B; Figure 5C, panels c and f), suggesting that isch-

emic damage triggers the overexpression of myocardial 

FGF23 independently of Klotho.

FGF23 Modulates Metabolic, Structural, 
and Proliferative Cardiac Processes That 
Are Blocked by Klotho
To uncover the specific mechanisms/pathways involved 

in the cardiac effects of FGF23, proteomic analysis of 

rat hearts perfused with FGF23 was performed, which 

revealed that FGF23 induced significant alterations 

in 21 proteins compared with those in control hearts 

(Figure 6A); 11 were downregulated, and 10 were up-

regulated (Figure 6B). The functional annotation of the 

differentially expressed proteins revealed their involve-

ment in 15 gene ontology terms (Table 3; Figure 6C), 

with the majority integrated into metabolic processes 

such as the regulation of oxaloacetate, aspartate, and 

the tricarboxylic acid cycle; energetic processes such 

as mitochondrial matrix function and response to 

muscle activity; proliferative processes such as the cel-

lular response to TFG- β (transforming growth factor β) 

and the regulation of endothelial cell proliferation; and 

structural processes such as modifications in T- tubules 

and binding receptor responses. Notably, the admin-

istration of Klotho before FGF23 perfusion completely 

abolished these proteomic changes. This was evident 

in the proteomic profile, which closely resembled that 

of control hearts (Figure 6A through 6D). These results 

strongly corroborate the observation of a different pro-

teomic profile in FGF23- treated hearts, which is effec-

tively normalized by the presence of Klotho.

DISCUSSION
This study offers novel insights into the interplay be-

tween the mineral metabolism biomarker FGF23 in 

IHD. A summary of the results of this study is shown in 

Figure 7. Our findings demonstrate that elevated circu-

lating FGF23, but not decreased systemic Klotho, has 

predictive value for all- cause and cardiac- related mor-

tality in patients with IHD at hospital admission following 

MI. Furthermore, ischemic myocardial injury was shown 

to significantly upregulate cardiac FGF23 expression, 

independent of the presence of Klotho. Importantly, el-

evated circulating FGF23 induces substantial changes in 

the cardiac proteome that are completely prevented by 

Klotho administration. Our findings suggest that circulat-

ing FGF23, rather than its levels within the heart muscle 

itself, may be a detrimental factor for cardiac damage 

following an ischemic event, making it a valuable bio-

marker to risk stratification for post- MI mortality risk.

In recent years, FGF23 has emerged as a predictor 

of both mortality and cardiovascular events. Previous 

studies in patients with MI have established FGF23 as 

a reliable predictor of long- term adverse cardiovas-

cular outcomes, including HF.33 Moreover, FGF23 is 

independently associated with mortality at 5 years.34 

Consistent with these findings, our cohort analysis 

demonstrated that FGF23 measured at hospital admis-

sion effectively discriminates short- term all- cause and 

cardiac mortality in patients with MI.

Interestingly, other studies have demonstrated 

that the predictive value of FGF23 is stronger in pa-

tients with MI who develop HF, even surpassing the 

GRACE (Global Registry of Acute Coronary Events) 

Table 2. AUC of FGF23 and Klotho for Prediction of Global and Cardiac Mortality

Mortality Cardiac death

AUC (95% CI) P value AUC (95% CI) P value

FGF23 (RU/mL) 0.6793 (0.5774–0.7811) 0.0014 0.786 (0.6361–0.9359) 0.0073

Klotho (pg/mL) 0.5855 (0.4704–0.7005) 0.1272 0.5379 (0.3196–0.7562) 0.7223

AUC indicates area under the curve; and FGF23, fibroblast growth factor 23.
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score.35 In the present study, patients with the highest 

FGF23 levels also had higher Killip–Kimball classifica-

tion scores and cardiac- specific deaths. In support of 

these findings, several studies have demonstrated the 

prognostic usefulness of FGF23 in predicting cardiac 

mortality in patients with diabetes and MI,36 patients 

undergoing coronary angiography,37 or patients with 

stable IHD.38 Furthermore, elevated FGF23 is con-

sidered a biomarker of inflammation and detrimental 

cardiac remodeling in patients with HF and a reduced 

LVEF.39 Collectively, our data, along with findings from 

other researchers,40–42 support FGF23 as a valuable 

biomarker of both short-  and long- term IHD, with in-

creased levels associated with increased cardiac 

death rates and poorer MI outcomes. Our findings 

suggest that elevated circulating levels of FGF23, par-

ticularly in patients with STEMI, are associated with 

worse cardiac outcomes and increased cardiovascular 

mortality. This raises the possibility that FGF23 test-

ing could be incorporated into early triage protocols to 

identify high- risk patients who may benefit from closer 

monitoring or more aggressive therapeutic strategies. 

However, before FGF23 measurement can be imple-

mented in routine clinical practice, prospective studies 

Figure 4. Cardiac FGF23 is upregulated in patients with IHD.

A through C, Cardiac samples from healthy donors (N=7) and patients with IHD (N=10) 
were obtained. (A) Cardiac gene expression of FGF23. (B) Representative Western 
blots and quantification of the cardiac protein expression of FGF23 and GAPDH. (C) 
Immunohistochemical staining of intracardiac FGF23 in transverse and longitudinal 
sections at ×20 magnification and 50 μm scale (N=3 per group). Scatter plots show the 
mean±SD. FGF23 indicates fibroblast growth factor 23; and IHD, ischemic heart disease.
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are needed to validate its predictive value, determine 

optimal timing for assessment, and evaluate its cost- 

effectiveness and integration with existing risk models. 

Finally, it is important to note that incorporating genetic 

risk variants could enhance the prediction accuracy of 

specific biomarkers.43 In this context, a recent prelim-

inary genetic analysis has identified a polygenic score 

for FGF23 that is associated with a reduced risk of 

heart failure but an increased risk of all- cause mor-

tality and ischemic stroke.44,45 Therefore, integrating 

network- based genetic analysis with systemic FGF23 

levels may provide valuable insights for predicting mor-

tality in the context of IHD.

Our results show that systemic levels of FGF23 are 

greater in patients with STEMI than in patients with 

NSTEMI, particularly when renal function is impaired. 

ST- segment elevation on an ECG is associated with 

MI severity, with patients with STEMI exhibiting a 40% 

higher 30- day mortality rate than those with NSTEMI.46 

Only a few prior studies have explored the relationship 

between FGF23 levels and STEMI/NSTEMI stratifica-

tion, with some even reporting higher FGF23 levels in 

Figure 5. Cardiac FGF23 is upregulated in mice after myocardial infarction, and this elevation is not 

prevented by Klotho treatment.

A through C, Cardiac murine samples from the Sham (N=10), Sham+KL (N=8), PMI (N=14), and PMI+KL (N=12) 
groups. A, Cardiac gene expression of FGF23. B, Representative Western blots and quantification of the cardiac 
protein expression of FGF23 and GAPDH. C, Immunohistochemical staining of intracardiac FGF23 in transverse 
and longitudinal sections at ×20 magnification and 50 μm scale (N=3 per group). Scatter plots show the mean±SD. 
FGF23 indicates fibroblast growth factor 23; KL, Klotho; and PMI, post- myocardial infarction.
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patients with NSTEMI than in patients with STEMI.47 

This discrepancy may be due to the more varied 

subclinical causes and preexisting conditions often 

observed in patients with NSTEMI, leading to more 

complex and heterogeneous disease processes, in-

cluding cardiometabolic backgrounds. Because STEMI 

typically results in more severe transmural ischemia 

and a larger infarct area, the association observed in 

our study suggests a significant contribution of FGF23 

to the classification and prognosis of the MI type.

In addition to their prognostic value for mortality, 

elevated systemic FGF23 levels are associated with 

key markers of cardiac dysfunction. LVEF, measured 

by echocardiography, remains the gold standard for 

Figure 6. Proteomic changes in the heart exposed to FGF23 that are prevented by Klotho.

A, Hierarchical clustering heatmap and dendrogram of hearts exposed to vehicle (control), FGF23, and FGF23+KL. B, 21 proteins 
significantly altered (diminished or increased) in hearts from the FGF23 (red) and FGF23+KL (green) groups compared with those 
from the control group (blue). C and D, Sankey diagram showing the GO biological processes of the 21 proteins of interest. The 
diagrams show the clustered genes and their assigned GO terms, which are connected by ribbons. C, Sankey plot comparing FGF23 
hearts with control hearts. D, Sankey plot comparing FGF23+KL hearts with FGF23 hearts. FGF23 indicates fibroblast growth factor 
23; FGF23+KL, FGF23 pretreated with Klotho; GO, Gene Ontology; KL, Klotho; and TGF- β, transforming growth factor β.
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diagnosing HF.48 In our study, patients with an LVEF 

<50% had significantly higher systemic levels of FGF23, 

suggesting a potential link between elevated FGF23 

and cardiac dysfunction, particularly when renal func-

tion was preserved. These findings align with previous 

research demonstrating increased FGF23 levels within 

the first week following MI in patients experiencing 

greater LVEF reduction at 6 months.49 Moreover, el-

evated plasma FGF23 levels in patients with HF are 

associated with HF severity and all- cause mortality in-

dependent of the eGFR.50,51

A prolonged QTc interval is another relevant clini-

cal parameter related to cardiac rhythm, because it is 

associated with the onset of fatal ventricular arrhyth-

mias and sudden cardiac death, even after MI,31,52 and 

is correlated with in- hospital mortality in patients with 

STEMI.53 We observed higher FGF23 levels in patients 

with a pathological QTc ≥450 ms. Although previous 

Table 3. Functional Annotation of Differentially Expressed Proteins According to Gene Ontology Terms

Function P value FC Proteins

Oxaloacetate metabolic process 3.84E- 05 298.32 CISY, MDHM, AATM

Mitochondrial matrix 0.0012 17.70 CISY, MDHM, F1LX28, AATM

Mitochondrion 0.0015 4.99 CPIN1, CISY, UCRI, XPP3, MDHM, 

AATM, A0A0G2K261

Positive regulation of endothelial cell proliferation 0.0024 38.61 A0A0G2K7B6, KNG1

Aspartate metabolic process 0.0069 273.46 M0R629, AATM

Perikaryon 0.0174 14.04 KNG1, AATM

2 iron, 2 sulfur cluster binding 0.0299 62.81 CPIN1, UCRI

Tricarboxylic acid cycle 0.0306 60.77 CISY, MDHM

Response to muscle activity 0.0398 46.55 M0R629, AATM

Carboxylic ester hydrolase activity 0.0559 33.18 EST1C, F1LX28

Receptor binding 0.0614 7.03 KNG1, NUCL

T- tubule 0.0639 28.90 A0A0G2K7B6, AATM

Cytoplasmic ribonucleoprotein granule 0.0775 23.68 SARNP, NUCL

Negative regulation of apoptotic process 0.0965 5.36 CPIN1, AN32B, NUCL

Cellular response to transforming growth factor β stimulus 0.0980 18.38 D3ZUU6, DREB

FC indicates fold change.

Figure 7. Schematic drawing with the summary of the results of this study.

FGF23 indicates fibroblast growth factor 23.

D
ow

nloaded from
 http://ahajournals.org by on July 16, 2026



J Am Heart Assoc. 2026;15:e045175. DOI: 10.1161/JAHA.125.045175 13

Vázquez- Sánchez et al FGF23 Prognosis and Klotho Modulation in MI

studies noted an association between elevated FGF23 

levels and prolonged QTc in chronic kidney disease,15,54 

this relationship has not been explored in the context 

of IHD. When interpreting these results, it is important 

to consider the potential impact of renal impairment, 

a common condition associated with elevated FGF23 

levels. In our cohort, we observed that FGF23 levels 

were not significantly affected by prolonged QTc or re-

duced LVEF in the presence of impaired renal function, 

because this condition inherently predisposes patients 

to elevated FGF23 levels. However, renal impairment 

was found to further increase systemic FGF23 levels 

in patients with STEMI and those with higher Killip–

Kimball scores. These results indicate that the severity 

of HF and 30- day mortality after MI are associated with 

FGF23 independently of renal function.

We also aimed to elucidate the relationship be-

tween FGF23 and Klotho levels. Prior research on 

stable coronary artery disease has shown conflicting 

results on their association, with a significant negative 

correlation55 or no association.56 Here, we observed 

a weak negative correlation between FGF23 and 

Klotho levels (r=−0.166; P=0.043). Our findings show 

that Klotho levels are reduced after MI in patients with 

STEMI, regardless of renal function. Recent data have 

demonstrated that low serum Klotho levels may be 

associated with increased all- cause mortality in the 

general adult American population.57 However, in our 

study, Klotho levels did not significantly predict all- 

cause or cardiac- specific mortality, and it should not 

be considered a valuable predictor biomarker in the 

clinical context of IHD. One possible explanation for 

this incongruity is that the predictive value of Klotho 

for mortality in the general population may be linked 

to individual cardiovascular risk factors, including ele-

vated body mass index, smoking, alcohol consump-

tion, and lipid parameters, especially when Klotho is 

combined with advanced age.58 In contrast, in patients 

with cardiovascular disease, reduced Klotho levels are 

significantly associated with an increased incidence of 

MI and congestive HF.59 However, its association with 

cardiovascular mortality remains unclear. It is possible 

that the decrease in Klotho levels could be a conse-

quence of cardiovascular disease, particularly when 

accompanied by declining renal function. This per-

spective may shift our focus away from using Klotho 

more as a potential therapeutic strategy than as a pre-

dictive biomarker.

In addition, experimental research has identified 

Klotho as a promising therapeutic agent capable of 

mitigating cardiac damage associated with acute or 

chronic kidney disease.13,15,60 Several studies in PMI 

models have demonstrated that Klotho treatment 

improves cardiac function parameters, attenuates 

ventricular remodeling, and reduces myocardial apop-

tosis.16,61 Moreover, our group  recently demonstrated 

that administering Klotho  immediately after exper-

imental MI significantly reduces infarct size, tissue 

hypertrophy, and fibrosis while improving contractile 

function and decreasing arrhythmogenic and apoptotic 

events.17 On the basis of this evidence, our study aimed 

to evaluate Klotho as a potential treatment for IHD, par-

ticularly in relation to the cardiac actions of FGF23. We 

observed that patients with IHD exhibited cardiac over-

expression of FGF23. Due to the low number of heart 

samples from the IHD condition tested, we replicated 

experimental ischemia in the PMI murine model exhib-

iting similar cardiac overexpression of FGF23 follow-

ing the ischemic event. Although these results should 

be validated in a larger and external cohort of patients 

with IHD, they align with previous reports in exper-

imental models of MI, which demonstrated FGF23 

overexpression in the left ventricle 4 weeks postinter-

vention62 and within 4 to 7 days in the infarcted area.63 

Similarly, human studies have reported the upregu-

lation of FGF23 expression in the hearts of patients 

with coronary artery disease.64 Interestingly, here we 

observed that myocardial FGF23 expression analyzed 

by Western blot displayed a bimodal distribution, with 

a subset of samples showing levels slightly higher than 

those found in healthy individuals and another with 

markedly elevated expression. Stratification by histo-

pathological features indicated that elevated FGF23 

was predominantly associated with acute ischemic 

lesions, whereas baseline- like levels corresponded 

to chronic ischemic remodeling. These observations 

suggest a closer link between myocardial FGF23 ac-

cumulation and acute injury/inflammation rather than 

chronic fibrotic injury. Given the confirmed increased 

cardiac overexpression of FGF23 in both clinical and 

experimental IHD, and considering the established 

cardioprotective properties of Klotho, we investigated 

the impact of recombinant Klotho treatment on cardiac 

FGF23 expression after MI. Klotho did not prevent the 

cardiac overexpression of FGF23 in IHD conditions, 

suggesting that this cardiac FGF23 may constitute a 

specific response related to intrinsic ischemic damage.

To further elucidate the cardiac consequences of 

elevated systemic FGF23 levels, we used a proteomic 

approach using an ex vivo model, in which healthy rat 

hearts were exposed to pathological concentrations 

of FGF23. Our analysis revealed that systemic FGF23 

significantly altered the myocardial proteome profile, af-

fecting pathways involved in metabolism, mitochondrial 

function, proliferation or muscle activity response in the 

myocardium, which are all crucial in ischemic and HF 

conditions. Importantly, these proteomic alterations in-

duced by FGF23 were not observed in the presence of 

Klotho, reinforcing the notion that Klotho may counter-

act the deleterious cardiac effects of systemic FGF23 

levels, because intrinsic cardiac FGF23 overexpression 

is likely a compensatory cardiac response to ischemic 
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events independent of Klotho. However, directly inhib-

iting elevated cardiac FGF23 might be detrimental, be-

cause FGF23, a growth factor, may play a critical role in 

transient compensatory mechanisms after cardiac isch-

emia. Specifically, FGF23 could contribute to enhanced 

contractility and hypertrophy in noninfarcted myocardial 

regions as an adaptative response to the loss of contrac-

tile tissue within the infarcted area, particularly during the 

early stage of ischemic damage.63 Therefore, rather than 

directly blocking FGF23, modulating its systemic effects 

with agents such as Klotho might be a more promising 

therapeutic strategy. Despite the cardioprotective prop-

erties of Klotho,  further research is essential to explore 

its therapeutic potential in ischemic injury, especially 

independent of its regulatory effects on cardiac FGF23 

expression. The proteomic alterations observed in this 

study will allow for the molecular characterization of sev-

eral processes involved in the development of IHD after 

MI and their associations with FGF23 and Klotho, paving 

the way for personalized therapies.

CONCLUSIONS
This study underscores the intricate relationship be-

tween FGF23 and Klotho in the context of IHD. Our 

results indicate that elevated systemic FGF23, but 

not Klotho, serves as a novel independent biomarker 

with predictive value for all- cause and cardiac- specific 

mortality, establishing its significance as a valuable 

biomarker for short- term clinical outcomes in patients 

with MI. Moreover, this research identified Klotho as a 

promising therapeutic candidate capable of mitigating 

the detrimental cardiac effects of FGF23. However, the 

specific cardioprotective mechanisms of Klotho within 

the heart still remain elusive and warrant further inves-

tigation in future studies.

LIMITATIONS AND FUTURE 
DIRECTIONS
A key limitation of our study is the absence of long- 

term follow- up samples for assessing FGF23 and 

Klotho levels beyond the acute phase of MI. Although 

we attempted to estimate clinical progression using 

the Killip–Kimball score and its relationship with FGF23 

levels, it was not possible to analyze temporal dynam-

ics of FGF23 and its potential prognostic value over 

time. However, to fully understand the prognostic value 

of these biomarkers related to mineral bone disorders 

in MI, future studies should incorporate serial meas-

urements over time. In addition, Klotho treatment ap-

plied in this study was limited to purely experimental 

and exploratory approaches; therefore, its translation 

into clinical practice in the context of IHD still remains 

speculative.
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