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Abstract: Acute kidney injury is a common complication following cardiac surgery (CSA-AKI).
Serum creatinine levels require a minimum of 24–48 h to indicate renal injury. Nevertheless, early
diagnosis remains critical for improving patient outcomes. A PRISMA-compliant systematic review
of the PubMed and CENTRAL databases was performed to assess the role of Klotho as a predictive
biomarker for CSA-AKI (end-of-search date: 17 February 2024). An evidence quality assessment of
the four included studies was performed with the Newcastle–Ottawa scale. Among the 234 patients
studied, 119 (50.8%) developed CSA-AKI postoperatively. Serum Klotho levels above 120 U/L
immediately postoperatively correlated with an area under the curve (AUC) of 0.806 and 90%
sensitivity. Additionally, a postoperative serum creatinine to Klotho ratio above 0.695 showed 94.7%
sensitivity and 87.5% specificity, with an AUC of 92.4%, maintaining its prognostic validity for up to
three days. Urinary Klotho immunoreactivity was better maintained in samples obtained via direct
catheterization rather than indwelling catheter collection bags. Storage at −80 ◦C was necessary for
delayed testing. Optimal timing for both serum and urine Klotho measurements was from the end
of cardiopulmonary bypass to the time of the first ICU lab tests. In conclusion, Klotho could be a
promising biomarker for the early diagnosis of CSA-AKI. Standardization of measurement protocols
and larger studies are needed to validate these findings.

Keywords: acute kidney injury; cardiac surgery; Klotho; serum; urine; biomarker; systematic review

1. Introduction

Acute kidney injury (AKI) develops in approximately 35–40% of patients undergoing
cardiac surgery [1]. The underlying processes that lead to postoperative kidney damage
remain poorly defined. That said, renal hypoperfusion and non-pulsatile flow during
cardiopulmonary bypass (CPB), along with prolonged periods of aortic cross-clamping,
CPB, or deep hypothermic circulatory arrest seem to be the primary drivers of morbidity.
The development of cardiac surgery-associated AKI (CSA-AKI) is also influenced by mi-
croembolization events, hemolysis, and exposure to nephrotoxic medications, particularly
in the setting of baseline renal function impairment [2–4].

Less than 1% of cardiac surgery patients will need emergency hemodialysis due to
severe AKI, and most eventually return to baseline renal function [5]. However, up to 10%
of patients will sustain irreversible renal parenchymal damage following cardiac surgery [6].
Perhaps more importantly, even slight increases in serum creatinine levels (0.3–0.5 mg/dL)
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correlate with inferior 30-day and long-term survival [2]. From a healthcare standpoint,
CSA-AKI also prolongs intensive care unit (ICU) and total hospital lengths of stay, thereby
increasing aggregate hospitalization expenses and resource utilization [7].

This complex landscape underscores the necessity for early detection and treatment of
postoperative renal insufficiency. Although serum creatinine is conventionally utilized as a
measure of renal function, its validity is influenced by a variety of factors including muscle
mass, dietary intake, and interference from pharmacological agents. Additionally, creatinine
concentration may not instantaneously mirror acute tubular injury and its insensitivity may
result in undetected renal compromise. The Cleveland Clinic risk score, along with various
other predictive models, have attempted to integrate serum creatinine levels and additional
variables to enhance prognostic accuracy. Unfortunately, the clinical value of these efforts is
debatable [8–10]. Research on biomarkers like urinary Insulin-like Growth Factor-Binding
Protein-7 (IGFBP-7) and Tissue Inhibitor of Metalloproteinase-2 (TIMP-2) has yielded
promising but inconsistent performance across studies, with sensitivity rates ranging from
60 to 100% and specificity rates from 58 to 91% [11]. Neutrophil Gelatinase-Associated
Lipocalin (NGAL), cystatin C, Kidney Injury Molecule-1 (KIM-1), and Liver-Type Fatty
Acid-Binding Protein (L-FABP) have also yielded equivocal results with regards to their
predictive accuracy and reliability [3,12].

On the other hand, the anti-aging hormone Klotho has been long implicated in the
pathophysiology of Chronic Kidney Disease (CKD), with seminal studies demonstrating
a reduction in its expression with CKD progression [13,14]. Notably, serum Klotho con-
centrations below 760 pg/mL have been correlated with reduced survival among patients
with CKD [15]. Interestingly, Klotho depletion has also been shown to mediate AKI in
a variety of conditions including acute myocardial infarction [16], rhabdomyolysis [17],
COVID-19 [18], and sepsis [19], as well as platinum [20] and vancomycin toxicity [21].
Although renal histological assessment reveals marked changes at five hours following
ischemia-reperfusion injury, a significant drop in renal Klotho protein levels is detectable as
early as three hours post-injury [22]. The pathophysiology of this phenomenon seems to be
primarily driven by proinflammatory cytokines, oxidative stress, and mitochondrial dys-
function [23–25]. This precocious decline in Klotho, antecedent to notable morphological
renal alterations, affirms its promising role as an early biomarker for AKI. Despite various
investigations into the diagnostic value of Klotho after cardiac surgery, there is a lack of
an integrated analysis of these findings [26–28]. Our study seeks to bridge this knowledge
gap by extensively reviewing the existing literature on the predictive capacity of Klotho
for CSA-AKI.

2. Relevant Sections
2.1. An Overview of Klotho
2.1.1. Klotho History

In 1997, Kuro-o et al. identified a gene whose mutation manifests in a syndrome
mimicking advanced aging. The gene was aptly designated “Klotho”, drawing inspiration
from the mythological Greek figure responsible for spinning the thread of life [29].

2.1.2. Klotho Structure and Function

Klotho predominantly resides in renal distal convoluted tubules, parathyroid glands,
and the choroid plexus. Recent findings also show its presence in vascular tissues and the
myocardium [13,14,30,31], The gene for Klotho is found on chromosome 13q13.1, and it
is responsible for producing a family of enzymes including α-Klotho, which is the most
prevalent, as well as β- and γ-Klotho [13].

The soluble form of α-Klotho originates from the cleavage of its membrane-bound
precursor by enzymes like ADAM-17. It can also be directly secreted after alternative
mRNA splicing [29]. This form can be quantified in urine, serum, and cerebrospinal
fluid. Klotho functions as a protective factor against aging via promoting antioxidation,
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membrane ion transport modulation, inhibition of Wnt signaling pathways, and protection
against cellular apoptosis and senescence [32].

α-Klotho is an integral regulator of the FGF-23/1,25-dihydroxyvitamin D/parathyroid
hormone axis, essential for maintaining calcium and phosphate equilibrium [33]. It specifi-
cally modulates cellular calcium dynamics by upregulating TRPV5 expression and activity,
leading to diminished phosphate reabsorption in the kidneys. It also downregulates TRPC6,
resulting in reduced intestinal phosphate absorption. Klotho enhances calcium reabsorption
in the renal distal tubules by inhibiting endocytosis and by stabilizing the principal calcium
channels, particularly TRPV5 and TRPV6 [34,35]. Moreover, its interaction with FGF-23
promotes phosphaturia and mitigates hypercalciuria, preventing mineral supersaturation
in the urine [33].

2.2. Methods
2.2.1. Search Strategy and Study Selection Process

The current review was performed according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines (end-of search date: 17 February
2024) [36]. Three independent investigators (A.T., D.P., H.E.) conducted a search of the
PubMed/MEDLINE and CENTRAL/Cochrane databases for studies measuring Klotho
levels following cardiac surgery procedures. The search criteria were: (cardiac surgery OR
valve OR CABG OR aortic aneurysm OR aortic dissection OR heart transplant OR cardiac
transplant) AND Klotho. Eligible studies included those that: (1) assessed the relationship
between α-Klotho levels and CSA-AKI, (2) used validated assays for α-Klotho in blood,
urine, or tissue, and (3) reported CSA-AKI incidence as a primary outcome. Studies lack-
ing α-Klotho level reports in AKI post-cardiac surgery were excluded. All conflicts were
resolved following quality control discussions with the first author (KSM).

2.2.2. Data Extraction

A predefined set of criteria was delineated for the systematic extraction of data from
the selected articles. This endeavor was independently conducted by three reviewers
(P.K., A.T., D.P.). Any discrepancies were reconciled through the oversight of an additional
reviewer (KSM). Extracted data included the methodological framework of each study,
demographic profiles, the spectrum of concurrent comorbidities, the incidence and tempo-
rality of AKI utilizing established criteria, the nature of the cardiac procedure, the duration
of intraoperative events (specifically aortic cross-clamp and CPB durations), Klotho levels
gauged at baseline and subsequent postoperative junctures (2, 4, 12, 24, 48, 72 h) whenever
possible, the length of ICU and total hospital stay, mortality rates, and the duration of
postoperative surveillance. Creatinine values were standardized to mg/dL if alternative
units were used in the original studies.

2.2.3. Descriptive Analysis

For continuous data that were reported as median and interquartile (IQR) range, we
used the Hozo et al. formula to estimate the respective mean and standard deviation
(SD) [37]. When results were not offered in SD, but rather in confidence intervals (CI), we
used Cochrane’s handbook equation for converting CI to SD [38]. Continuous data were
summarized as means and standard deviations, whereas relative rates were calculated for
categorical data. Statistical analysis was performed in RStudio version 2023.03.1 (Boston,
MA, USA).

2.2.4. Assessment of Study Quality

The Newcastle–Ottawa Quality scale was used to evaluate the selected studies [39]. A
score of at least six indicated high quality. Two reviewers (PK, KSM) independently rated
all primary papers and any disagreements were resolved via discussion.
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2.2.5. Registration

This systematic review has been registered with the INPLASTY registry and carries
the registration number INPLASY202440021 (DOI: 10.37766/inplasy2024.4.0021).

2.3. Results

Our initial literature search yielded 98 potentially relevant articles. After reading the titles
and abstracts of those, 30 full texts were retrieved for detailed assessment. Ultimately, four
studies were included in the present systematic review (Supplemental Figure S1) [26–28,40]. A
quality assessment of the included studies is shown in Supplemental Table S1. Every study
achieved a score of eight, signifying a standard of good quality across all examined research.

In total, 234 cardiac surgery patients were included. Of these, 119 (50.8%) devel-
oped AKI postoperatively. The mean age in the AKI group was 64.1 (±13.6) versus
62.1 (±12.2) years in the non-AKI arm. Male was the predominant sex in both subgroups.
The design and basic characteristics of the included studies are shown in Table 1. Hyperten-
sion was found in 25.9% of the patients in the AKI versus 28% in the non-AKI group and
diabetes mellitus in 24% of the renal impairment group versus 18% in the non-AKI arm.
Additional co-morbidities, including congestive heart failure, peripheral artery disease,
and cerebrovascular disease are summarized in Supplemental Table S2.

Aortic cross-clamp time was longer in the AKI cohort (64.1 ± 32.9 min) compared
to the non-AKI cohort (56.1 ± 34.6 min). CPB duration also differed, with the AKI group
exhibiting a mean of 101.8 ± 41.7 min, which was substantially longer than the non-AKI
cohort (88.8 ± 48.7 min). The length of hospital stay was prolonged in the AKI group, with
patients requiring an average of 21.1 days of care, as opposed to 14.1 days for those without
AKI. Further details regarding perioperative metrics can be found in Table 2.

The baseline estimated Glomerular Filtration Rate and serum creatinine concentrations
were within normal ranges and did not differ significantly between the two cohorts, as
shown in Table 3. AKI was detected at the 24 h postoperative interval, with the AKI group
presenting a mean serum creatinine level of 1.38 ± 0.52 mg/dL, which was notably higher
than the 0.8 ± 0.22 mg/dL observed in patients who did not develop AKI. The divergence
in mean serum creatinine levels was more pronounced at the 48 h evaluation, with the AKI
group showing 1.49 ± 0.74 mg/dL compared to 0.77 ± 0.23 mg/dL in the non-AKI group.
A similar trend, though attenuated, was evident at the 72 h mark.

Serum Klotho levels were specified in two studies at various time points (baseline,
immediately postoperatively, as well as at the 2, 4, 24, 48, and 72 h marks) [28,40]. Different
units of measurement were employed in the source literature and, therefore, no summative
statistics could be computed (Table 4). Similarly, urine Klotho levels were quantified in two
distinct studies at varying time points with heterogeneous collection methods precluding
the calculation of combined estimates (Table 5) [26,27].
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Table 1. Study characteristics.

Study ID Design Inclusion Criteria Exclusion Criteria Sample
AKI

Criteria
System

AKI—
n (%)

AKI—
Mean Age

(Years)

Non AKI—
Mean Age

(Years)

AKI
Male (%)

Non AKI
Male (%)

Measured
Biomarker

Torregrosa
et al., 2015

[26]

Observational
study

Patients with ACS or
heart failure

secondary to coronary
or valvular disease

who underwent either
coronary angiography

or cardiac surgery

Age younger than
18 years, CKD on

replacement therapy,
AKI secondary to
cardiogenic shock

during hospitalization

30 RIFLE 15 (50%) 67 68 13 (86%) 10 (66%) Postoperative
urine Klotho

Yong-Jun
Liu et al.,
2015 [40]

Observational
study

Patients undergoing
cardiac valve surgery

Pre-existing renal
insufficiency, severe

heart failure,
perioperative

nephrotoxic drug use,
postoperative low

cardiac output
syndrome

35 AKIN 19 (54%) 52.5 51.8 7 (36%) 5 (31%)
Pre- and post-

operative
serum Klotho

Yingying
Qian et al.,
2019 [27]

Observational
study

Patients undergoing
cardiac surgery

(CABG, valve, CABG
plus valve, congenital
heart disease, aortic
aneurysm surgery)

Chronic kidney disease,
thyroid disease, pre-op

usage of high-dose
corticosteroids,

pre-existing UTI, and
missing clinical data

91 AKIN 33 (36%) 64.1 60.4 23 (69%) 35 (60%) Postoperative
urine Klotho

Ales Jerin
et al., 2020

[28]

Observational
study

Patients undergoing
elective cardiac

surgery

History of kidney
disease including

diabetic nephropathy,
renal transplantation,

malignancy,
autoimmune diseases

and pregnancy

78 KDIGO 52 (66%) 72.73 68.3 27 (52%) 13 (50%)
Pre- and

postoperative
serum Klotho

Total 234 119
(50.8%) 64.1 ± 13.6 62.1 ± 12.2 70 (58%) 63 (54%)

ID: identification; n: number of patients; ACS: acute coronary syndrome; AKI: acute kidney injury; CABG: coronary artery bypass graft surgery; CKD: chronic kidney disease;
UTI: urinary tract infection; NA: not applicable; NR: not reported.
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Table 2. Perioperative characteristics.

Study ID Type of Cardiac Surgery—n (% of Total Study
Patients)

Cross Clamp Time
(Minutes)

Cardiopulmonary Bypass
Time (Minutes)

Length of Hospital Stay
(Days)

Length of ICU
Stay (Days) Mortality

CABG Valve CABG
+ Valve Aortic

Congenital
(Cyanotic
vs. Non-

Cyanotic)

AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-
AKI AKI Non-

AKI

Torregrosa
et al.,

2014 [26]
NR NR NR NR NR NR NR NR NR 27 ± 24 17 ± 10 NR NR 4/15

(26%)
0/15
(0%)

Yong-Jun
Liu et al.,
2015 [40]

NR 35
(100%) NR NR NR 70.1 ± 22.2 * 58.5 ± 24.1 100.5 ± 28.1 * 88.2 ± 25.2 NR NR NR NR NR NR

Yingying
Qian et al.,
2019 [27]

32
(35.2%)

39
(42%)

10
(11%)

5
(5.5%) 5 (5.5%) 46.6 ± 45.9 37.5 ± 49.3 102.8 ± 60.2 84.8 ± 88.7 NR NR NR NR NR NR

Ales Jerin
et al.,

2020 [28]
NR NR NR NR NR 75.5 ± 30.6 72.3 ± 30.4 100.2 ± 36.8 93.6 ± 32.4 15.2 ± 18.5 11.3 ± 7.3 7.9 ± 7.9 5 ± 5 NR NR

Total 64.1 ± 32.9 56.1 ± 34.6 101.8 ± 41.7 88.8 ± 48.7 21.1 ± 21.2 14.1 ± 8.6

ID: identification; n: number of patients; CABG: coronary artery bypass graft; AKI: acute kidney injury; ICU: intensive care unit; NR: not reported; NA: not applicable; *: p < 0.005.
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Table 3. Serum creatinine.

Study ID
Baseline eGFR

(mL/min/1.73 m2—
as Presented in Each Study)

Baseline Serum
Creatinine (mg/dL)

Immediate Post-Op
Serum Creatinine

(mg/dL)

2-h Post-Op Serum
Creatinine (mg/dL)

4-h Post-Op Serum
Creatinine (mg/dL)

24-h Post-Op Serum
Creatinine (mg/dL)

48-h Post-Op Serum
Creatinine (mg/dL)

72-h Post-Op Serum
Creatinine (mg/dL)

AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI

Torregrosa
et al., 2015

[26]
62 ± 29 60 ± 16 1.18 ± 0.51 1.15 ± 0.37 NR NR NR NR NR NR NR NR NR NR NR NR

Yong-Jun
Liu et al.,
2015 [40]

93.82 ± 17.58 96.09 ± 19.65 0.83 ± 0.13 0.83 ± 0.19 1.12 ± 0.19 * 0.84 ± 0.14 NR NR 1.41 ± 0.24 0.97 ± 0.23 1.45 ± 0.49 0.81 ± 0.23 1.48 ± 0.70 0.81 ± 0.24 1.36 ± 0.71 0.80 ± 0.26

Yingying
Qian et al.,
2019 [27]

88.38 ± 14.35 84.27 ± 17.37 0.86 ± 0.17 0.81 ± 0.14 NR NR NR NR NR NR NR NR NR NR NR NR

Ales Jerin
et al., 2020

[28]
117.31 ± 54.71 102.7 ± 26.2 0.86 ± 0.44 0.75 ± 0.17 0.92 ± 0.33 0.73 ± 0.18 1.02 ± 0.38 0.81 ± 0.14 NR NR 1.32 ± 0.56 0.79 ± 0.22 1.51 ± 0.79 0.74 ± 0.23 NR NR

Total 90.37 ± 28.91 85.76 ± 19.80 0.93 ± 0.31 0.88 ± 0.22 1.02 ± 0.26 * 0.78 ± 0.16 1.02 ± 0.38 0.81 ± 0.14 1.41 ± 0.24 0.97 ± 0.23 1.38 ± 0.52 0.8 ± 0.22 1.49 ± 0.74 0.77 ± 0.23 1.36 ± 0.71 0.80 ± 0.26

* p < 0.05; AKI: acute kidney injury; NR: not reported.

Table 4. Serum Klotho.

Study ID Baseline Serum Klotho Immediate Post-Op Serum
Klotho

2-Hour Post-Op Serum
Klotho 4-h Post-Op Serum Klotho 24-h Post-Op Serum Klotho 48-h Post-Op Serum Klotho 72-h Post-Op Serum Klotho

AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI AKI Non-AKI

Torregrosa
et al., 2015

[26]
NR NR NR NR NR NR NR NR NR NR NR NR NR NR

Yong-Jun
Liu et al.,
2015 [40]

121.64 ± 19.87 1 122.76 ± 20.18 101.97 ± 16.93 * 124.40 ± 20.66 NR NR 102.77 ± 14.44 118.1 ± 18.74 111.85 ± 11.78 120.43 ± 17.55 116.58 ± 12.73 126.29 ± 17.78 120.50 ± 13.17 128.67 ± 18.84

Yingying
Qian et al.,
2019 [27]

NR NR NR NR NR NR NR NR NR NR NR NR NR NR

Ales Jerin
et al., 2020

[28]
1.82 ± 0.99 2 1.75 ± 1.03 0.97 ± 0.86 0.70 ± 0.72 2.20 ± 1.27 1.83 ± 0.95 NR NR 1.73 ± 0.78 + 1.60 ± 0.92 1.63 ± 0.77 1.40 ± 0.78 NR NR

Total NA NA NA NA NA NA NA NA NA NA NA NA NA NA

1: Measured in U/L; 2: measured in µg/L; * p < 0.05; + p < 0.001; NR: not reported; NA: not applicable.
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Table 5. Postoperative urine Klotho.

Study ID Postoperative Urine Klotho

AKI Non-AKI

Torregrosa et al., 2015 [26] 1.97 ± 0.04 *1

1.25 ± 0.33 2
1.80 ± 0.08
1.34 ± 0.36

Yong-Jun Liu et al., 2015 [40] NR NR

Yingying Qian et al., 2019 [27] 1.69 ± 2.43 *3 0.52 ± 1.18

Ales Jerin et al., 2020 [28] NR NR

Total NA NA
ID: identification; AKI: acute kidney injury; 1: measured in ng/mL at 12 h post-op using the kit by Shanghai
Sunred Biological Technology Co., Ltd. (Shanghai, China); 2: Measured in ng/mL at 12 h post-op using the kit by
IBL International (Human soluble a-Klotho Assay Kit–IBL, Immuno-Biological Laboratories Co., Ltd., Hamburg,
Germany); 3: measured in ng/umol at the time of transfer to the intensive care unit (<2 h); * p < 0.05; NR: not
reported; NA: not applicable.

3. Discussion

Serum creatinine is traditionally used to assess kidney function in the postoperative
setting. Nevertheless, its reliability can be affected by various factors such as race, sex, mus-
cle mass, hydration, diet, and medications [41]. Furthermore, creatinine levels may lag and,
occasionally, even fail to convey underlying tubular damage [42,43]. In the context of car-
diac surgery, even minimal renal dysfunction can have a profound impact on postoperative
outcomes, including patient survival. It is therefore critical to identify and address renal
impairment promptly. Research into various biomarkers, including NGAL, has produced
equivocal outcomes in terms of their prognostic precision and dependability [3,12]. On
the other hand, quantifiable Klotho variations within renal tissue, serum, and urine are
consistently observed during the initial hours post-renal injury [22]. This comprehensive
review underscores the emerging role of Klotho as an early biomarker for the diagnosis
of CSA-AKI.

A total of 234 patients with baseline normal renal function were analyzed. Overall,
50.8% developed CSA-AKI. Criteria for the diagnosis of AKI based on creatinine levels
alone were typically met at 24 h postoperatively, and peak values were seen at 48 h after
the index operation. The length of hospital stay for patients with AKI was, on average,
seven days longer than that of those who did not develop this complication.

Liu et al. measured significantly reduced serum Klotho levels in patients with
CSA-AKI at the time of surgery completion (101.97 ± 16.93 U/L) compared to baseline
(121.64 ± 19.87 U/L) [40]. Serum Klotho was most effective for early AKI diagnosis imme-
diately postoperatively, achieving an area under the curve (AUC) of 0.806 (95% confidence
interval: 0.65 to 0.94, p = 0.003) with a diagnostic sensitivity of 89.5% at a threshold of
119.145 U/L [12]. The ratio of serum creatinine to Klotho (SCr/Kl) increased notably in AKI
patients in the immediate postoperative period (0.99 ± 0.23 vs. 0.62 ± 0.15, p < 0.01) and
offered superior AKI detection at a 0.695 cutoff, with 94.7% sensitivity, 87.5% specificity, and
92.4% AUC. Although serum Klotho normalized rapidly within 14 h, the SCr/Kl ratio re-
mained a highly predictive AKI marker for up to three days, with AUC values ranging from
0.82 to 0.90 as well as consistent sensitivity (84.2–94.7%) and specificity (68.7–87.5%) [44].

A subsequent study by a European group reported similar results [28]. Herein, serum
Klotho levels dropped to half of their preoperative values when CPB ceased, surged above
baseline within 24 h, and ultimately normalized within 48 h. The authors subsequently
utilized decision tree analysis, incorporating both Klotho and creatinine levels (measured
at the end of surgery, two hours post-surgery, and their changes from preoperative levels)
to develop a model with high diagnostic accuracy for CSA-AKI (AUC of 0.92). Overall,
these findings suggest an intelligent and simple approach for early detection of AKI by
measuring serum Klotho and the SCr/Kl ratio immediately after CPB cessation. Postponing
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to the point of initial lab testing in the ICU for logistical reasons does not seem to jeopardize
the validity of this novel approach.

On the other hand, urinary Klotho is highly unstable, exhibiting rapid reductions in
detectable immunoreactivity when stored in human urine [45]. For accurate quantification,
stringent handling protocols must be followed, ideally including the prompt analysis of
urine samples obtained directly from a catheter. Klotho concentrations seem to decrease
by 82% when stored at 37 ◦C for a duration of three hours either in an indwelling catheter
or in the bladder [45]. This reduction can be partly mitigated by the addition of protease
inhibitors or 0.1% albumin to freshly collected urine. Nevertheless, the stabilizing effect
of these additives is compromised upon freezing. Indeed, an average of an 82% decrease
in α-Klotho levels is observed after storage at −20 ◦C [45]. Conversely, storage at −80 ◦C
preserves at least 60% of α-Klotho concentrations. Subsequent freeze–thaw cycles induce
further diminution of α-Klotho levels, irrespective of whether samples are conserved at
−80 ◦C or −20 ◦C. The mechanisms driving this significant loss may include freeze–thaw
cycles, glycosylation loss, structural changes, or decomposition into fragments that are not
detected by standard assays [45].

Preliminary clinical research into urinary Klotho post-cardiac surgery documented
increased levels in patients with AKI compared to healthy individuals [26]. When contrast-
ing these findings with cardiac surgery patients who did not develop AKI, a statistically
significant difference was observed only with the ELISA kit from Shanghai Sunred Bio-
logical Technology Co., Ltd. (Shanghai, China), and not with the gold standard kit by IBL
International (Human soluble a-Klotho Assay Kit–IBL, Immuno-Biological Laboratories
Co., Ltd., Hamburg, Germany) [26]. These conflicting data were constrained by the small
sample size of patients with postoperative renal dysfunction and inexperience with han-
dling samples for Klotho-centered ELISA [26]. Indeed, in this study, urine samples were
obtained from indwelling catheter collecting bags 12 h postoperatively. Although these
samples were subsequently frozen at −80 ◦C, the concentration and immunoreactivity of
α-Klotho level was most likely already compromised by that time.

A more robust patient series recently reassessed and confirmed the value of urinary
Klotho in predicting CSA-AKI [27]. In this work, urine samples remained at 4 ◦C for
less than 4 h. After centrifugation at 3000 rpm for five minutes, the supernatants were
aliquoted and frozen at −80 ◦C. Thawing was performed for the first time at the time of
Klotho measurement. Baseline renal function and preoperative urinary Klotho levels did
not differ between patients with AKI and patients without AKI [27]. The AKIN criteria
were implemented to classify renal function decline postoperatively. Creatinine elevation
reached the AKI diagnostic threshold 24 h after ICU admission. On the other hand, urinary
Klotho demonstrated high predictive accuracy immediately post-surgery with an AUC of
0.86. As a matter of fact, urinary Klotho levels in patients with AKI peaked at the time of
transfer to the ICU (1.69 ng/µmol), increasing threefold from baseline measurements. This
heightened response persisted for up to three days.

In comparison, urinary NGAL levels peaked significantly later than Klotho, at about
two hours post-ICU admission, and returned to baseline within four hours [27]. Within
this context, urinary Klotho proved superior to NGAL in predicting AKI both immediately
post-surgery and at four hours following admission to the ICU. Patients with AKI stages
II and III exhibited a more pronounced rise in urinary Klotho levels compared to those
at stage I and individuals without AKI. This trend was consistent from the initial post-
operative measurement up to the seventh day [27]. From a pathophysiology standpoint,
it seems that the loss of the brush border membrane and the Klotho protein in proximal
tubular epithelium, followed by cellular necrosis and exfoliation, leads to increased urinary
Klotho [46]. This surge in Klotho is indicative of tubular injury severity and serves as an
early indicator of renal cell damage [46].

The Sheba Medical Center in Israel is recognized for conducting the only available
pediatric study looking at Klotho following congenital cardiac procedures [47]. In this
series, the mean patient age and weight at the time of surgery were 2.16 years and 10.46 kg,
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respectively. Nearly half of the patients underwent procedures for cyanotic heart disease,
including 17.2% for hypoplastic left heart syndrome, 17.2% for tetralogy of Fallot, and 3.5%
for D-transposition of the great arteries. Herein, serum Klotho levels significantly declined
two hours postoperatively but returned to baseline after six hours. In this study, Klotho
levels were not associated with the incidence of AKI. Nevertheless, it should be emphasized
that less than 3% of the pediatric cohort developed AKI. Conversely, low Klotho levels
at two hours postoperatively (below 785 mg/dL) correlated with a 20-fold increased risk
of postoperative complications. This was defined as a composite outcome including not
only AKI but also arrhythmias, hemodynamic instability, atelectasis, ventilatory support
challenges, and seizures. Furthermore, throughout the four time points measured, Klotho
levels were consistently lower in children experiencing postoperative complications. In-
terestingly, Klotho concentrations above 1068 mg/dL at two hours were associated with a
98.9% lower risk of thrombocytopenia 72 h following CPB. These findings imply a potential
protective effect of Klotho in reducing the duration of surgery-induced thrombocytopenia
and highlight the need for additional research to explore the relationship between soluble
Klotho levels and platelet function.

As previously described, serum Klotho levels seem to normalize within 14 to 48 h
following CSA-AKI, possibly as a protective homeostatic mechanism against further renal
damage [28,40]. This rebound could provide insights for Klotho’s therapeutic application
in AKI management. Of note, exogenous administration of Klotho seems to improve
histopathological renal changes and enhance renal function in mice with contrast-induced
AKI. This appears to be associated with reduced production of reactive oxygen species
(ROS), as well as diminished serum superoxide dismutase and malondialdehyde levels
following treatment [48]. In animal models, Klotho repletion also reduced the expression
of pro-inflammatory markers p-NF-κB and pyroptosis-related proteins, such as NLRP3,
the pro-apoptotic caspase-1, GSDMD, and cleaved GSDMD [48]. Klotho diminishes the
cellular surface expression of organic cation transporter 2 and, therefore, suppresses the
intracellular uptake of nephrotoxins [20]. KP1, a novel peptide derivative of Klotho, has
also been shown to mitigate tubular cell injury and apoptosis induced by SARS-CoV-2
N protein in mice [18]. This protective effect may stem from its capacity to inhibit the
TGF-β/Smad signaling pathway. Moreover, repeated doses of recombinant Klotho, at
20 µg/kg every two days, boosted antioxidant defenses in mice via the JAK2/STAT3/GPx3
pathway, thereby mitigating vancomycin-induced AKI [21]. Similarly, administration of
recombinant Klotho in septic mice alleviated sepsis-induced AKI by activating Nrf2 to
inhibit the ferroptosis signaling pathway [19]. While yet unexplored, similar effects may be
observed in the therapeutic use of Klotho for treating CSA-AKI in humans.

Our review has several limitations. First, only four small observational studies were
eligible for data analysis. Furthermore, just two studies provided serum Klotho mea-
surements [28,40] and only two quantified urinary Klotho [26,27]. Timing, philosophy of
collection, storage, and units of measurements also varied significantly among the cited
literature. Moreover, different ELISA kits and calibration methods were utilized across stud-
ies, with one group not specifying which commercial kit was employed [40]. In addition,
there was significant discrepancy with regards to the criteria that were utilized to define and
stage acute kidney injury. Because of these multi-faceted limitations, we could not perform
meaningful meta-analysis of Klotho-centered outcomes. Due to scarcity of data, conducting
a direct comparison of Klotho to NGAL, cystatin C, or other biomarkers was also not
feasible. Lastly, we observed inconsistent reporting of transfusion rates, cardiac index, CPB
flow, hemoglobin values and other factors associated with AKI across the source studies.
This heterogeneity in data reporting constrained our ability to comprehensively analyze
these potentially critical factors in relation to AKI development post-cardiac surgery.

4. Conclusions

The present review reinforces the diagnostic value of Klotho as a biomarker for CSA-
AKI. The earliest postoperative diagnosis of AKI using creatinine is possible at 24 h. Serum
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Klotho levels at a threshold of 120 U/L yield an AUC of 0.806 and a diagnostic sensitivity
of nearly 90%. The ratio of serum creatinine to Klotho immediately postoperatively with a
cutoff of 0.695 shows high predictive power, with 94.7% sensitivity, 87.5% specificity, and an
AUC of 92.4%, maintaining its prognostic utility for up to three days. The optimal timing for
these measurements is from the cessation of CPB to the first laboratory assessments in the
ICU. For urinary Klotho, immediate analysis of samples collected directly from a catheter
is recommended. If delayed analysis is required, samples should be stored at −80 ◦C.
Lastly, the therapeutic potential of recombinant Klotho, predicated upon its antioxidative
properties, opens new avenues for AKI treatment and warrants further investigation.

5. Future Directions

Additional data are needed before Klotho can be utilized in everyday clinical practice.
Standardization in measurement protocols, including collection, timing, handling, storage,
and unit reporting, is essential to establish diagnostic benchmarks that may enable earlier
detection of CSA-AKI than current creatinine-based methods. Furthermore, the implica-
tions of Klotho in pediatric cardiac surgery remain to be adequately investigated. Lastly,
the therapeutic mechanisms of Klotho warrant deeper exploration through translational
and clinical trials. Although we are not there yet, perhaps Klotho might be the key to the
diagnostic and treatment conundrum of CSA-AKI.
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