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Pharmacy in Kosice, Kosice, Slovakia, “‘Department of Microbiology and Immunology, University of
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For several years, alpha klotho has been considered as a candidate biomarker
in chronic kidney disease (CKD), progression of CKD and CKD mineral bone
disorders (CKD-MBD). The evidence on the relationship between klotho and
kidney function is controversial in some areas. The aim of the study was to identify
the influence of age, sex and breed on urinary alpha klotho, values in the early
stages of CKD within the studied population and determine a reference interval
in a group of healthy dogs. Significantly higher values were measured in older
dogs over 6years old (p=0.026, p=0.0007) and in the breed German Shepherd
than Belgian Shepherd (p=0.0401). On the basis of sex and in small breed dogs,
no significant differences were noted. In dogs with CKD stage 2, alpha klotho
values were significantly lower (p=0.0135) than in healthy dogs. Within the studied
population, a reference interval for urinary klotho to creatinine ratio (UrKl/Cr) was
determined in the range of 3.94-23.55pg/gCr. Since our findings show that alpha
klotho is associated with older age, we assume that this may have influenced the
results in the group of dogs with CKD stage 1 due to the presence of predominantly
old dogs in this group. Future studies would be needed to consider age as a factor
affecting urinary alpha klotho in dogs with CKD.
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1 Introduction

Kidney disease is common in small animals and is often associated with a poor prognosis
in the late stages (1). Chronic kidney disease (CKD) mainly affects older dogs. CKD is defined
as structural and/or functional impairment of one or both kidneys that has been present for
at least 3months (2-4). CKD is a progressive, pathological disease that is the third most
common cause of death in dogs (4). The prevalence of CKD in dogs varies widely (0.05-
3.74%). Risk factors affecting the occurrence of the disease include advanced age, specific
breeds, small body size and the presence of diseases such as periodontitis (5).

The International Renal Interest Society (IRIS) proposes a classification system for CKD
into four stages based on the concentration of creatinine and symmetric dimethylarginine
(SDMA) in the blood, and subclassifies based on the level of proteinuria and the presence of
hypertension. However, until now there are no known biomarkers for the early diagnosis of
CKD and disease progression that are sensitive, reliable, quantifiable and easily determined in
routine practice (6).
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Abnormalities of calcium and phosphorus homeostasis often
occur in CKD, which have a negative impact on kidney function
and survival. Approximately 76% of dogs with CKD develop
complications of secondary renal hyperparathyroidism caused by
hyperphosphatemia, which may be partly due to decreased urinary
excretion, secondary to a decrease in GFR (7). In patients with CKD,
a common comorbidity is chronic kidney disease-mineral bone
disorder (CKD-MBT), accompanied by renal osteodystrophy and
hyperphosphatemia (8, 9). The main hormones that regulate the
manipulation of renal phosphates are parathyroid hormone (PTH),
produced by the parathyroid gland, and fibroblast growth factor-23
(FGF-23), which is produced in bone by osteocytes and osteoblasts
(10). FGF-23 levels increase before disturbances in mineral
metabolism can be detected in people with CKD (11, 12). In dogs,
FGF-23 also appears to predict the development of hyperphosphatemia
and progression of CKD (13).

In vivo studies with genetically engineered FGF-23 mouse models
provided compelling evidence for the phosphaturic activities of
FGF-23 and provided explanations for the clinical symptoms observed
in various diseases associated with abnormal FGF-23 regulation in
humans (14-16). The FGF receptor-klotho complex ensures the action
of FGF-23 to reduce NPT2a and NPT2c (sodium dependent
phosphate co-transporters) expression in the proximal tubules in the
kidneys (17). Alpha klotho is a single-pass transmembrane protein,
the main source of which is the proximal and distal convoluted tubules
in the kidneys, where its regulation also takes place, but it is also
expressed in the parathyroid glands or in the choroid plexus (18-21).
Downregulation of klotho receptors in the kidney limits FGF-23
signal transduction, resulting in increased PTH levels in CKD patients
(22). In addition, soluble klotho directly controls phosphorus
metabolism by regulating 1a-hydroxylase activity and secretion of
PTH and FGF-23 in the kidney (16, 23).

Studies with human participants demonstrated that the
concentration of alpha-klotho is reduced in both serum and urine in
CKD patients (24, 25). Urinary levels of klotho in CKD patients have
been shown to decrease significantly in very early IRIS Stage (1 and 2)
CKD and was steadily reduced with the progression of disease (26,
27). Associations between soluble alpha-klotho levels with CKD and
its clinical consequences, including CKD-MBD, have also been
demonstrated in dogs (28).

Over the past decades, increasing evidence from various studies
has shown that klotho, previously known as an anti-aging gene, is
closely associated with the development and progression of
CKD. Soluble alpha klotho may serve as an early and sensitive marker
in the early stages of CKD due to the pathogenic mechanism of klotho
deficiency and the decrease of urinary klotho in the early stages of
CKD (22, 25). The aim of this study was to establish a reference
interval for the urinary klotho to creatinine ratio in healthy dogs.
We also assessed urinary alpha klotho as a possible early biomarker of
CKD, its relationship to age, sex, and breed.

2 Materials and methods
2.1 Study population

A population of 96 dogs consisting of German Shepherds
(GS), Belgian Shepherds (BS) and small breed dogs (SD) was
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included in the study. The SD group consisted of different breeds,
mostly crossbreeds with a live weight of up to 15 kg (crossbreeds:
n=4, Yorkshire terrier: n=1, Maltese dog: n=1). The animals
were handled in a humane manner. All applicable international,
national and institutional guidelines for the care and use of
animals were followed. Clinical examinations and sampling were
performed with the informed consent of the dog owners. The
animals were divided into groups according to the presence or
absence of disease.

The criteria for the classification of healthy animals were:
o clinically healthy at the time of examination and sampling,
« without exposure to potentially nephrotoxic substances in the
previous period of at least 6 months,
« hematology and biochemistry within reference intervals,
« urinary examination without pathological changes, UPC < 0.2,
« ultrasonographic examination without pathological findings,
« normotensive after BP examination,
o females were not pregnant or lactating.

After a complete clinical, laboratory, ultrasound and cardiological
examination, 74 dogs (62 GS, 6 BS, and 6 SD) were included in the
group of healthy animals (Table 1). The population consisted of 43
females and 31 males. GS were divided according to age into three
groups: young individuals up to 2years old, adults from 2 to 6years
old, and older individuals over 6 years old. Fifteen dogs were included
in the group of animals with early stage of CKD based on the IRIS
classification.! After complete clinical, laboratory examinations and
imaging results, CKD stage 1 (CKD1) was determined in seven dogs
and CKD stage 2 (CKD2) in eight dogs. From both groups of CKD
dogs, two patient were on a renal diet for a short time, without
medical treatment.

2.2 Collection and analysis of samples

Blood was collected from the vena cephalica antebrachii at least
12h after the last feeding, and the blood samples were centrifuged
(3,500rpm, 10min). Subsequently, the serum was subjected to a
complete biochemical profile (AST, ALT, GGT, ALP, CK, Chol, Lip,
Amyl, Crea, Urea, TBil, Glu, TP, Alb, P, Ca, K, Na, Cl) in the Cobas C
111 (Roche, Switzerland). SDMA level in serum was measured with
the Catalyst One (IDEXX Laboratories, Westbrook, ME, USA).
Hematological profile was analyzed in the ProCyte Dx (IDEXX
Laboratories, Westbrook, ME, USA).

1 http://www.iris-kidney.com/guidelines/staging.html

TABLE 1 Distribution of dogs within the group of healthy animals.

Total GS<2 GS GS>6 BS
(@) y. o. 2-6 y. .
y. O.
Female 43 12 19 6 1 5 ‘
Male 31 7 11 7 5 1 ‘

GS, German Shepherds; BS, Belgian Shepherds; SD, Small breed dogs; y.0., years old.
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Urine with a volume of approximately 10 mL was collected by
ultrasound-guided cystocentesis. After routine urinalysis, urine was
centrifuged (2,500 rpm, 5min), then samples were stored at 4°C and
examined without freezing and thawing within 72 h. The concentration
of alpha-klotho in urine was measured using a commercially available
canine-specific sandwich enzyme-linked immunosorbent assay —
Canine Soluble Alpha-Klotho (SAKL) ELISA kit (MyBioSource Inc.,
San Diego, CA, USA) following the manufacturer’s instructions.
Briefly, standards and urine samples (50 pL) were applied to the ELISA
plate and horseradish peroxidase-conjugate reagent (100pL) was
added. The microtiter plate was incubated for 60 min at 37°C, followed
by manual washing. Then, chromogen solution A (50pL) and
chromogen solution B (50 uL) were added and incubated for 15min
at 37°C. Finally, stop solution (50 pL) was added. This quantitative
assay is based on soluble alpha klotho antibody-antigen interactions
and the
spectrophotometrically on an automatic microplate reader Opsys MR

intensity of the color reaction was evaluated
(Dynex Technologies, USA) at a wavelength of 450 nm. Calibration
was performed using a set standards from the kit at a range of the
following concentrations: 1,000, 500, 250, 125, 62.5, 31.2 pg/mL. The
sensitivity of the kit was 5.0pg/mL. A precision test by applying
coefficient of variation analysis was also conducted. The coefficient of
variation obtained for SAKL was 7.46%. To minimize the effect of
urine specific gravity, urine klotho to creatinine ratio (UrKl/Cr) was

calculated (28).

2.3 Statistical analysis

Statistical analysis of the obtained data was performed using the
GraphPad Prism 9.4.0 (GraphPad Software, San Diego, USA). An
unpaired t-test with Welch’s correction at p<0.05 or a one-way
analysis of variance (ANOVA) with an additional Tukey’s test was
used to determine statistical differences between dogs with CKD and
healthy dogs, but also between dogs of different age, breed or sex.
Interactions between the analyzed parameters of healthy dogs and
dogs with CKD were evaluated using Pearson’s correlation analysis at
p<0.05.

The calculation method for reference interval and confidence
interval with respect to the sample size, its descriptive statistics and
the normality of the distribution was parametric with a logarithmic
transformation. Outliers were identified and removed using the
ROUTH method, Q=1% in GraphPad Prism. Statistical tests for the
occurrence of (potential) outliers and for normality were at the 5%
significance level, the reference intervals were 95% and the confidence
intervals for the limits were 90%.

3 Results

The results of laboratory analysis measuring the blood creatinine,
urea, SDMA, and phosphorus and urine creatinine levels, urine
soluble alpha klotho (UrKl) and urine klotho to creatinine ratio (UrKl/
Cr) are presented in Table 2.

In the group of healthy animals, the concentration of UrKl/Cr was
higher in males, but the difference between males and females was not
statistically significant (Figure 1A). Based on breed (Figure 1B), there
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were surprisingly significant differences between GS and BS
(p=0.0401), but non-significant differences between GS and SD
(p=0.2617). There was a statistically significant difference between
different groups of GS based on age (p=0.026, p=0.0007). The highest
values were measured in dogs older than 6 years (Figure 1C).

Correlations between UrKl/Cr and other parameters were
determined (Figures 2, 3A,B). There was no significant correlation
between the concentration of UrKl/Cr and the concentration of P,
SDMA, Crea or Urea in healthy dogs, but also in dogs with CKD. In
healthy dogs, a significant negative correlation was found between P
and Crea, while in dogs with CKDI, there was a significant positive
correlation between these parameters. In dogs with CKD1, there was
also a positive correlation between Crea and Urea and a negative
correlation between SDMA and Urea and SDMA and Crea. In dogs
with CKD2, there was only a negative correlation between SDMA
and Crea.

The mean concentration of UrKl/Cr in dogs with CKD2 was lower
(8.46pg/gCr) than in all groups of healthy dogs (GS: 13.00/BS: 8.78/
SD: 10.75pg/gCr) and in the group with CKDI1 (13.61pg/gCr).
Concentration of UrKl/Cr was significantly lower in dogs with CKD2
(Figure 4) than in the control group (p=0.0135). The reference
interval (RI) for UrKl/Cr in all healthy dogs (n=69) was determined
to be 3.94-23.55pg/gCr, and only in GS (n=57) the RI was 3.85-
24.62 pg/gCr. In the group of healthy GS, five outliers were identified
and removed before determining the RI. No outliers were detected in
the other groups of healthy dogs.

4 Discussion

In our study, we focused on the concentration of urinary soluble
alpha klotho in healthy dogs and dogs with early stage CKD. The
alpha-Kklotho protein sequence is known to be 88% identical between
humans and dogs and 98% identical between humans and mice (29).
In present study, the ELISA kit measuring canine-specific soluble
alpha klotho was used. The use of an ELISA kit manufactured
specifically for canine tests was expected to increase the accuracy of
the test. Additionally, urine samples were never thawed before ELISA
assay, as recent studies have shown that the performance of the same
test is affected due to repeated cycles of freezing and thawing both
clinical urine and serum samples (30, 31). On the contrary, in the
study by Adema et al. (32), the concentration of soluble alpha klotho
in freshly voided urine was significantly higher than in stored samples,
indicating that klotho is unstable in stored human urine. To obtain
accurate results, standardization should be developed in terms of
sample processing, storage conditions, time point of analysis and assay
kits used (31, 33). A previous human study evaluated the quality of
three commonly used commercial ELISAs, among which there was
considerable heterogeneity with within-run variations ranging from
4 to 32%, indicating the uncertainty of ELISA assays (33). Another
report demonstrated that soluble klotho value by time-resolved
fluorescence immunoassay (TRF) was associated with eGFR and
soluble klotho value by ELISA was associated with age instead of
eGFR (34). A recent study compared ELISA and immunoprecipitation
immunoblot (IP-IB), where the level klotho determined by IP-IB
showed a strong correlation with eGFR, but minimal correlation with
ELISA (31). Despite the better performance of the TRF and IP-IB
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TABLE 2 Determined parameters of the serum and urine.

10.3389/fvets.2024.1423390

Healthy dogs Dogs with CKD
GS<2y.0. GS2-6y.0. GS>6y.0. CKD1 CKD2
n 19 30 13 6 6 7 8
Crea (pmol/L)
72.34+15.54 83.67+11.46 79.38+15.13 81.83+£16.17 59.48+11.06 102.96 £22.38 127.75+17.88

RI: 46-88
Urea (mmol/L)

5.35+1.64 5.99+1.41 5.50+2.12 5.88+1.68 5.94+1.07 6.76+2.43 8.74+1.67
RI: 3.97-8.05
SDMA (mg/

9.00+1.80 8.25+1.99 8.92+2.15 7.67+3.08 8.00+1.79 8.57+4.58 12.50+6.00
dL) RI <14
P (mmol/L)

1.95+£0.49 1.29+0.17 1.19+0.15 1.15+£0.47 1.51+£0.20 1.37+0.16 1.31+£0.16
RI: 0.9-1.91
UCrea

18.44+8.98 19.45+7.43 12.35+7.25 18.48 £6.90 17.00+4.89 20.04+11.69 22.59+£6.90
(mmol/L)
UrKl (pg/mL) 198.43 +£42.58 185.72+54.85 207.13+35.39 162.76 +34.81 191.92+38.10 185.49+28.82 199.13 +£58.50
UrKl/Cr (pg/

o 12.66£8.43 9.66+4.28 21.21+15.43 8.78+3.45 10.75+3.59 13.61+14.09 8.46+3.31

g I

GS, German shepherds; BS, Belgian shepherds; SD, small breed dogs; y. 0., years old; CKD1, chronic kidney disease stage 1; CKD2, chronic kidney disease stage 2; Crea, serum creatinine;
SDMA, symmetric dimethyl arginine; UCrea, urinary creatinine; UrKl, urinary soluble alpha klotho; UrKl/Cr, urinary alpha klotho to creatinine ratio; RI, reference interval. Data are

presented as mean + SD.
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FIGURE 1
Concentration of UrKl/Cr based on sex (A), breed (B), and age — years (C).
significance, *p <0.05; **p <0.01; ***p <0.001.

Data are presented as mean + SD. The asterisks represent a statistical
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tests, the ELISA test is usually preferred because the kit is faster and
cheaper in clinical practice.

In a study by Yi et al. (28), klotho in urine was significantly
decreased in dogs with advanced CKD and correlated with various
parameters, in contrast to serum alpha-klotho, which did not show
these parameters correlations. This indicates that urinary klotho is
more closely related to kidney function or damage then serum klotho.
Also, in the study by Akimoto et al. (24), with human CKD patients,
suggesting that the amount of klotho in urine, rather than klotho in
serum, is related to the extent of nephron function. In this study, the
amount of klotho excreted in urine per 24 h tended to decrease with
the advancing stage of CKD, unlike the serum klotho level. Urinary
klotho has potential as a biomarker of kidney disease or its
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progression, due to differences between stages of CKD disease and
correlations with other parameters indicating kidney disease in
previous studies. Moreover, the advantage of using this diagnostic or
monitoring marker is a non-invasive intervention in the organism.
Expression of klotho genes is known to be age-related. A decrease
in the concentration of soluble alpha klotho was observed in elderly
people (35). In the study by Espuch-Oliver et al. (36) investigated
serum soluble klotho reference values in a larger sample of 346
healthy adults also using ELISA. They observed that klotho levels
varied significantly with age, and klotho was inversely correlated with
age in healthy subjects. On the contrary, in the study by Yi et al. (28),
which dealt with the level of soluble alpha klotho in the serum and
urine of dogs, there were no significant differences between groups
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divided by age. In present study, the levels of soluble alpha klotho in
urine were significantly higher in the group of older dogs over 6 years
of age, while the lowest levels were in the group of dogs from 2 to
6years. In a study of bonobos and chimpanzees, alpha klotho levels
decreased with age, suggesting that this marker may have potential
for studying the aging process at individual, population, species, and
comparative levels. Regarding sex, female bonobos had higher levels
of alpha klotho compared to males, and in chimpanzees, males had
higher levels of alpha klotho than females, contradicting gender
differences in life expectancy (37). In present study, no significant
differences in the levels of soluble alpha klotho in urine between
males and females in healthy dogs were observed. Gender differences
in klotho concentration have not been confirmed in humans
either (36).

< o

! 1.0
0.5

SDMA| - - L Jo
1-0.5

UrKI/Cr] -0.191 -0.106 0.125 d
-1.0
FIGURE 2

Relationship between UrKl/Cr and Crea, Urea, SDMA, and P in
healthy dogs.

10.3389/fvets.2024.1423390

Serum phosphate levels and phosphate toxicity show
extremely strong negative correlations with lifespan in mammals
(38-40). In our study, phosphorus levels were higher in small
breed dogs and in German shepherds up to 2 years of age outside
the reference range. Hyperphosphatemia is a physiological
condition in growing dogs, when the need for phosphorus for
bone development is increased. On the other hand, in aging dogs,
hyperphosphatemia is most often associated with CKD. DNA
damage in vascular smooth muscle «cells caused by
hyperphosphatemia leads to cellular senescence, which further
contributes to the premature aging process seen with klotho
dysregulation or loss (41, 42). Phosphorus levels were within the
reference limit in our patients in the early stage of the disease.
Previous studies suggest that klotho function and dysregulation
of the FGF23-klotho pathway, causing hyperphosphatemia and
endothelial dysfunction, are associated with the pathogenic
mechanisms of CKD development and disease progression (21,
22, 27). In patients with progressive CKD, phosphate retention,
hyperphosphatemia, higher levels of FGF-23 and low expression
of klotho are observed. Many studies with animal and human
CKD patients have shown decreased levels of alpha klotho, which
further directly decreased with declining estimated glomerular
filtration rate (eGFR) (21, 25, 27, 43-50). Soluble alpha klotho
concentration may function as an early marker of CKD disease as
it may reflect a decline in eGFR. Positive correlation between
declining klotho levels and decline in eGFR has been observed in
previous studies (47, 51-54).

A study by Yi et al. (28) investigated the characteristics of both
serum and urinary klotho in dogs with CKD. UrKl/Cr in dogs
with stage 3 and stage 4 of CKD was significantly lower than in
dogs with stage 1 or stage 2 of CKD. In the CKD stage 3 group,
UrKl/Cr was significantly lower compared to the control group
and CKD stage 1 group. No significant differences were found in
the CKD stage 4 group compared to the control group, although
the median UrKl/Cr was lower than in the early stages of the

A . B
S
- = < Q < Q
s 3 3 £ g § = g
- [ [m] =
Crea -0.843 -0.649 Crea 0.414 -0.785 | -0.559 0.320
0.5
Urea -0.591 Urea| 0414 -0.401 0.005 0.180
SDMA| -0843 -0.605 0.640 SDMA| -0785 | -0.401 0.578 -0.356 L 410
P -0.605 -0.240 P| -0.559 0.005 0.578 -0.275
-0.5
UrKI/Cr| -0.649 -0.591 0.640 -0.240 UrKIl/Cr 0.320 0.180 -0.356 -0.275 h
-1.0
FIGURE 3
Relationship between UrKl/Cr and Crea, Urea, SDMA, and P in dogs with CKD1 (A) and CKD2 (B).
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FIGURE 4
Concentration of UrKl/Cr in healthy dogs and dogs with CKD. Data
are presented as mean + SD. The asterisk represents a statistical
significance, *p <0.05

disease. In our study, we mainly focused on UrKL/Cr
concentrations in dogs with the early stages of CKD. The median
UrKl/Cr in dogs in the CKD1 group was higher than in the control
group, so we did not obtain any significant results. In the group of
dogs with CKD2, the median UrKl/Cr was lower than in dogs with
CKD1 and significantly lower than in healthy dogs. Since the total
number of dogs with CKD in our study was lower, further studies
are needed to investigate urinary alpha klotho as a marker in the
early stages of this disease.

In addition, UrKl/Cr did not correlate with the tested
parameters, namely SDMA, creatinine, urea and phosphorus
levels, in healthy dogs, nor in dogs with the early stage of
CKD. Unlike the previous study (28), where UrKIl/Cr was inversely
correlated with specific parameters, stepwise multiple regression
analysis in this study showed that SDMA was an independent
predictor of UrKl/Cr. Nevertheless, we are inclined to believe that
the lower UrKl/Cr in CKD dogs and its correlation with kidney
function parameters suggest that urinary alpha klotho is
associated with CKD and disease progression. However, the low
number of samples, the low quality of clinical studies, the lack of
standardized tests and the lack of consensus on the processing of
samples, especially in urine, explain the controversy regarding the
applicability of soluble alpha klotho as a marker of CKD (55).
Adequate standardization of new biomarker tests in dogs is
necessary for reliable validation of results (56).

Friedrichs et al. (57) recommends a minimum of 120 reference
individuals in order to determine reference limits by nonparametric
methods with a 90% confidence intervals (CI). Reference intervals
determined from smaller sample sizes are common and often
necessary in veterinary medicine. However, the smaller the sample
size, the higher the degree of uncertainty in estimating the reference
limits. In our study, the number of samples was less than 120, but in
study by Tassini et al. (58), a minimum number of observations was
set at 50. Our study has several other limitations. In the group of
healthy dogs, there were mainly individuals of one breed, namely the
German Shepherd, an unequal number of males and females and
unequal representation by age. However, we made the division into
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age groups based on statistical analysis. By testing one specific breed,
we wanted to avoid at least breed differences, the influence of breeding
and diet, since the dogs from our study are raised in the same
conditions, fed the same food and all are active at work. Another
limitation is the low number of dogs in the representation of the
Belgian Shepherd breed, and in the representation of small and
medium-sized dogs. For this reason, results in differences between
breeds may not be statistically significant and can be further
investigated. A few dogs in the healthy group had higher creatinine
values according to the reference range in our laboratory
(Crea<88umol/L), but on the basis of the remaining laboratory,
clinical and imaging examinations, they were classified as healthy
dogs. The increased creatinine levels can be attributed to age, relatively
young and old dogs, or exercise (59).

5 Conclusion

Alpha klotho was increased in the urine of aging dogs older than
6years, but sex had no effect on its level. UrKl/Cr levels were
decreased in dogs with CKD stage 2. Thus, it is possible that alpha
klotho is related to CKD and its detection, although further research
is needed to confirm its usefulness. The reference interval for healthy
dogs was 3.94-23.55 pg/gCr, but alpha klotho values determined in
dogs in the CKD1 and CKD2 groups are within this interval. For this
purpose, further studies with a higher number of dogs and with
standardization of the method and validation of the obtained results
are needed.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies involving
animals in accordance with the local legislation and institutional
requirements because the University of Veterinary Medicine and
Pharmacy in KoS$ice does not require approval by the Ethics
Committee regarding routine screening tests as part of the clinical
activity. We performed non-invasive examinations and routine
preventive sampling with the informed consent of the owners about
the use of all tested parameters and animal data for the purpose of this
publication. Written informed consent was obtained from the owners
for the participation of their animals in this study.

Author contributions

NM: Conceptualization, Data curation, Investigation, Methodology,
Resources, Writing — original draft. JK: Data curation, Methodology,
Writing - review & editing. CT: Data curation, Methodology, Writing

frontiersin.org


https://doi.org/10.3389/fvets.2024.1423390
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Marecakova et al.

- review & editing. AM: Funding acquisition, Investigation, Project
administration, Writing - review & editing. MM: Investigation, Writing
- review & editing. JF: Project administration, Writing — review &
editing. SH: Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the Scientific Grant Agency of the Ministry of
Education of the Slovak Republic under grants numbers VEGA
1/0788/19, VEGA 1/0714/20, and VEGA 1/0668/24.

References

1. Polzin DJ. Chronic kidney disease in small animals. Vet Clin North Am Small Anim
Pract. (2011) 41:15-30. doi: 10.1016/j.cvsm.2010.09.004

2. Bartges JW. Chronic kidney disease in dogs and cats. Vet Clin North Am Small Anim
Pract. (2012) 42:669-92. doi: 10.1016/j.cvsm.2012.04.008

3. Brown SA. Management of chronic kidney disease In: J Elliott and GF Grauer,
editors. BSAVA manual of canine and feline nephrology and urology. 2nd ed. Gloucester:
BSAVA (2007). 223-30.

4. Chew DJ, DiBartola SP, Schenck PA. Canine and feline nephrology and urology.
2nd ed. St. Louis: Saunders Elsevier (2011).

5. O'Neill D, Elliott ], Church D, McGreevy P, Thomson P, Brodbelt D. Chronic kidney
disease in dogs in UK veterinary practices: prevalence, risk factors, and survival. J Vet
Intern Med. (2013) 27:814-21. doi: 10.1111/jvim.12090

6. Hu MC, Kuro-o M, Moe OW. The emerging role of klotho in clinical nephrology.
Nephrol Dial Transplant. (2012) 27:2650-7. doi: 10.1093/ndt/gfs160

7. Cortadellas O, Fernandez del Palacio MJ, Talavera J, Bayon A. Calcium and
phosphorus homeostasis in dogs with spontaneous chronic kidney disease at different
stages of severity. ] Vet Intern Med. (2010) 24:73-9. doi: 10.1111/j.1939-1676.2009.0415.x

8. Foster JD. Update on mineral and bone disorders in chronic kidney disease. Vet
Clin North Am Small Anim Pract. (2016) 46:1131-49. doi: 10.1016/j.cvsm.2016.06.003

9. Silver J, Naveh-Many T. FGF-23 and secondary hyperparathyroidism in chronic
kidney disease. Nat Rev Nephrol. (2013) 9:641-9. doi: 10.1038/nrneph.2013.147

10. Jippner H. Phosphate and FGF-23. Kidney Int Suppl. (2011) 79:524-7. doi:
10.1038/ki.2011.27

11. Fliser D, Kollerits B, Neyer U, Ankerst DP, Lhotta K, Lingenhel A, et al. Fibroblast
growth factor 23 (FGF23) predicts progression of chronic kidney disease: the mild to
moderate kidney disease (MMKD) study. ] Am Soc Nephrol. (2007) 18:2600-8. doi:
10.1681/ASN.2006080936

12. Isakova T, Wahl P, Vargas GS, Gutiérrez OM, Scialla ], Xie H, et al. Fibroblast
growth factor 23 is elevated before parathyroid hormone and phosphate in chronic
kidney disease. Kidney Int. (2011) 79:1370-8. doi: 10.1038/ki.2011.47

13. Elliott J., Geddes R., Jepson R. A review of the role of fibroblast growth factor 23 in
phosphate homeostasis and the pathophysiology of mineral bone disorder associated
with chronic kidney disease. International Renal Interest Society. (2023). Available at:
http://www.iris-kidney.com/education/fibroblast_growth_review.html

14. DeLuca S, Sitara D, Kang K, Marsell R, Jonsson K, Taguchi T, et al. Amelioration
of the premature ageing-like features of Fgf-23 knockout mice by genetically restoring
the systemic actions of FGF-23. J Pathol. (2008) 216:345-55. doi: 10.1002/path.2409

15. Larsson T, Nisbeth U, Ljunggren O, Jippner H, Jonsson KB. Circulating
concentration of FGF-23 increases as renal function declines in patients with chronic
kidney disease, but does not change in response to variation in phosphate intake in
healthy volunteers. Kidney Int. (2003) 64:2272-9. doi: 10.1046/j.1523-1755.2003.00328.x

16. Shimada T, Kakitani M, Yamazaki Y, Hasegawa H, Takeuchi Y, Fujita T, et al.
Targeted ablation of Fgf23 demonstrates an essential physiological role of FGF23 in

phosphate and vitamin D metabolism. ] Clin Invest. (2004) 113:561-8. doi: 10.1172/
JCI19081

17. Farrow EG, Davis SI, Summers L], White KE. Initial FGF23-mediated signaling
occurs in the distal convoluted tubule. ] Am Soc Nephrol. (2009) 20:955-60. doi: 10.1681/
ASN.2008070783

18. Andrukhova O, Zeitz U, Goetz R, Mohammadi M, Lanske B, Erben RG. FGF23
acts directly on renal proximal tubules to induce phosphaturia through activation of the

Frontiers in Veterinary Science

10.3389/fvets.2024.1423390

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

ERK1/2-SGK1
bone.2012.05.015

19. Hu MC, Shi M, Zhang J, Pastor J, Nakatani T, Lanske B, et al. Klotho: a novel
phosphaturic substance acting as an autocrine enzyme in the renal proximal tubule.
FASEB J. (2010) 24:3438-50. doi: 10.1096/1].10-154765

20. Hu MC, Shi M, Zhang J, Addo T, Cho HJ, Barker SL, et al. Renal production,
uptake, and handling of circulating aKlotho. J Am Soc Nephrol. (2016) 27:79-90. doi:
10.1681/ASN.2014101030

21. Lindberg K, Amin R, Moe OW, Hu MC, Erben RG, Ostman Wernerson A, et al.
The kidney is the principal organ mediating klotho effects. ] Am Soc Nephrol. (2014)
25:2169-75. doi: 10.1681/ASN.2013111209

22.Zou D, Wu W, He Y, Ma S, Gao J. The role of klotho in chronic kidney disease.
BMC Nephrol. (2018) 19:285. doi: 10.1186/512882-018-1094-z

23. Murali SK, Roschger P, Zeitz U, Klaushofer K, Andrukhova O, Erben RG. FGF23
regulates bone mineralization in a 1,25(0OH)2 D3 and klotho-independent manner. J
Bone Miner Res. (2016) 31:129-42. doi: 10.1002/jbmr.2606

24. Akimoto T, Yoshizawa H, Watanabe Y, Numata A, Yamazaki T, Takeshima E, et al.
Characteristics of urinary and serum soluble klotho protein in patients with different
degrees of chronic kidney disease. BMC Nephrol. (2012) 13:155. doi:
10.1186/1471-2369-13-155

signaling pathway. Bome. (2012) 51:621-8. doi: 10.1016/j.

25. Shimamura Y, Hamada K, Inoue K, Ogata K, Ishihara M, Kagawa T, et al. Serum
levels of soluble secreted alpha-klotho are decreased in the early stages of chronic kidney
disease, making it a probable novel biomarker for early diagnosis. Clin Exp Nephrol.
(2012) 16:722-9. doi: 10.1007/s10157-012-0621-7

26. Akimoto T, Shiizaki K, Sugase T, Watanabe Y, Yoshizawa H, Otani N, et al. The
relationship between the soluble klotho protein and the residual renal function among
peritoneal dialysis patients. Clin Exp Nephrol. (2012) 16:442-7. doi: 10.1007/
s10157-011-0582-2

27.HuMC, Shi M, Zhang ], Quifiones H, Griffith C, Kuro-o M, et al. Klotho deficiency
causes vascular calcification in chronic kidney disease. ] Am Soc Nephrol. (2011)
22:124-36. doi: 10.1681/ASN.2009121311

28.Yi HJ, Lee JB, Lee KP, Oh YI, Song KH, Seo KW. Investigation on urinary and
serum alpha klotho in dogs with chronic kidney disease. BMC Vet Res. (2020) 16:246.
doi: 10.1186/512917-020-02458-5

29.Xu Y, Sun Z. Molecular basis of klotho: from gene to function in aging. Endocr Rev.
(2015) 36:174-93. doi: 10.1210/er.2013-1079

30. Barker SL, Pastor J, Carranza D, Quinones H, Griffith C, Goetz R, et al. The
demonstration of alphaKlotho deficiency in human chronic kidney disease with a novel
synthetic antibody. Nephrol Dial Transplant. (2015) 30:223-33. doi: 10.1093/ndt/gfu291

31. Neyra JA, Moe OW, Pastor ], Gianella E, Sidhu SS, Sarnak MJ, et al. Performance
of soluble klotho assays in clinical samples of kidney disease. Clin Kidney J. (2020)
13:235-44. doi: 10.1093/ckj/sfz085

32. Adema AY, Vervloet MG, Blankenstein MA, Heijboer AC. a-Klotho is unstable in
human urine. Kidney Int. (2015) 88:1442-4. doi: 10.1038/ki.2015.238

33. Heijpoer AC, Blankenstein MA, Hoenderop ], de Borst MH, Vervloet
MGNIGRAM consortium. Laboratory aspects of circulating alpha-klotho. Nephrol Dial
Transpl. (2013) 28:2283-7. doi: 10.1093/ndt/gft236

34. Pedersen L, Pedersen SM, Brasen CL, Rasmussen LM. Soluble serum klotho levels
in healthy subjects. Comparison of two different immunoassays. Clin Biochem. (2013)
46:1079-83. doi: 10.1016/j.clinbiochem.2013.05.046

frontiersin.org


https://doi.org/10.3389/fvets.2024.1423390
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.cvsm.2010.09.004
https://doi.org/10.1016/j.cvsm.2012.04.008
https://doi.org/10.1111/jvim.12090
https://doi.org/10.1093/ndt/gfs160
https://doi.org/10.1111/j.1939-1676.2009.0415.x
https://doi.org/10.1016/j.cvsm.2016.06.003
https://doi.org/10.1038/nrneph.2013.147
https://doi.org/10.1038/ki.2011.27
https://doi.org/10.1681/ASN.2006080936
https://doi.org/10.1038/ki.2011.47
http://www.iris-kidney.com/education/fibroblast_growth_review.html
https://doi.org/10.1002/path.2409
https://doi.org/10.1046/j.1523-1755.2003.00328.x
https://doi.org/10.1172/JCI19081
https://doi.org/10.1172/JCI19081
https://doi.org/10.1681/ASN.2008070783
https://doi.org/10.1681/ASN.2008070783
https://doi.org/10.1016/j.bone.2012.05.015
https://doi.org/10.1016/j.bone.2012.05.015
https://doi.org/10.1096/fj.10-154765
https://doi.org/10.1681/ASN.2014101030
https://doi.org/10.1681/ASN.2013111209
https://doi.org/10.1186/s12882-018-1094-z
https://doi.org/10.1002/jbmr.2606
https://doi.org/10.1186/1471-2369-13-155
https://doi.org/10.1007/s10157-012-0621-7
https://doi.org/10.1007/s10157-011-0582-2
https://doi.org/10.1007/s10157-011-0582-2
https://doi.org/10.1681/ASN.2009121311
https://doi.org/10.1186/s12917-020-02458-5
https://doi.org/10.1210/er.2013-1079
https://doi.org/10.1093/ndt/gfu291
https://doi.org/10.1093/ckj/sfz085
https://doi.org/10.1038/ki.2015.238
https://doi.org/10.1093/ndt/gft236
https://doi.org/10.1016/j.clinbiochem.2013.05.046

Marecakova et al.

35. Yamazaki Y, Imura A, Urakawa I, Shimada T, Murakami ], Aono Y, et al.
Establishment of sandwich ELISA for soluble alpha-klotho measurement: age-dependent
change of soluble alpha-klotho levels in healthy subjects. Biochem Biophys Res Commun.
(2010) 398:513-8. doi: 10.1016/j.bbrc.2010.06.110

36. Espuch-Oliver A, Vazquez-Lorente H, Jurado-Fasoli L, de Haro-Munoz T, Diaz-
Alberola I, Lopez-Velez MDS, et al. References values of soluble alpha-klotho serum
levels using an enzyme-linked immunosorbent assay in healthy adults aged 18-85 years.
J Clin Med. (2022) 11:2415. doi: 10.3390/jcm11092415

37. Behringer V, Stevens JMG, Deschner T, Sonnweber R, Hohmann G. Aging and sex
affect soluble alpha klotho levels in bonobos and chimpanzees. Front Zool. (2018) 15:35.
doi: 10.1186/s12983-018-0282-9

38. Kuro-o M. A potential link between phosphate and aging--lessons from klotho-
deficient mice. Mech Ageing Dev. (2010) 131:270-5. doi: 10.1016/j.mad.2010.02.008

39. Shiels PG, Buchanan S, Selman C, Stenvinkel P. Allostatic load and ageing: linking
the microbiome and nutrition with age-related health. Biochem Soc Trans. (2019)
47:1165-72. doi: 10.1042/BST20190110

40. Stenvinkel P, Painer J, Kuro-o M, Lanaspa M, Arnold W, Ruf T, et al. Novel
treatment strategies for chronic kidney disease: insights from the animal kingdom. Nat
Rev Nephrol. (2018) 14:265-84. doi: 10.1038/nrneph.2017.169

41. Hu MC, Shiizaki K, Kuro-o M, Moe OW. Fibroblast growth factor 23 and klotho:
physiology and pathophysiology of an endocrine network of mineral metabolism. Annu
Rev Physiol. (2013) 75:503-33. doi: 10.1146/annurev-physiol-030212-183727

42. Shanahan CM. Mechanisms of vascular calcification in CKD-evidence for
premature ageing? Nat Rev Nephrol. (2013) 9:661-70. doi: 10.1038/nrneph.2013.176

43. Buchanan S, Combet E, Stenvinkel P, Shiels PG. Klotho, aging, and the failing
kidney. Front Endocrinol. (2020) 11:560. doi: 10.3389/fend0.2020.00560

44. Fernandez-Fernandez B, Izquierdo MC, Valifio-Rivas L, Nastou D, Sanz AB, Ortiz
A, et al. Albumin downregulates klotho in tubular cells. Nephrol Dial Transplant. (2018)
33:1712-22. doi: 10.1093/ndt/gfx376

45.1iSS, He AL, Deng ZY, Liu QF. Ginsenoside-Rg1 protects against renal fibrosis by
regulating the klotho/TGF-pl1/smad signaling pathway in rats with obstructive
nephropathy. Biol Pharm Bull. (2018) 41:585-91. doi: 10.1248/bpb.b17-00934

46. Liu QF, Ye JM, Yu LX, He AL, Sun Q, He DW, et al. Plasma s-klotho is related to
kidney function and predicts adverse renal outcomes in patients with advanced chronic
kidney disease. J Investig Med. (2017) 66:669-75. doi: 10.1136/jim-2017-000560

47. Pavik I, Jaeger P, Ebner L, Wagner CA, Petzold K, Spichtig D, et al. Secreted klotho
and FGF23 in chronic kidney disease stage 1 to 5: a sequence suggested from a cross-
sectional study. Nephrol Dial Transplant. (2013) 28:352-9. doi: 10.1093/ndt/gfs460

Frontiers in Veterinary Science

08

10.3389/fvets.2024.1423390

48.Sakan H, Nakatani K, Asai O, Imura A, Tanaka T, Yoshimoto S, et al. Reduced
renal alpha-klotho expression in CKD patients and its effect on renal phosphate
handling and vitamin D metabolism. PLoS One. (2014) 9:¢86301. doi: 10.1371/
journal.pone.0086301

49.Seo MY, Yang J, Lee JY, Kim K, Kim SC, Chang H, et al. Renal klotho expression
in patients with acute kidney injury is associated with the severity of the injury. Korean
J Intern Med. (2015) 30:489-95. doi: 10.3904/kjim.2015.30.4.489

50. Yang K, Yang J, Bi X, Yu Z, Xiao T, Huang Y, et al. Serum klotho, cardiovascular
events, and mortality in nondiabetic chronic kidney disease. Cardiorenal Med. (2020)
10:175-87. doi: 10.1159/000506380

51. Fernandez-Fernadndez B, Valifio-Rivas L, Sdnchez-Nifio MD, Ortiz A. Albuminuria
downregulation of the anti-aging factor klotho: the missing link potentially explaining
the association of pathological albuminuria with premature death. Adv Ther. (2020)
37:62-72. doi: 10.1007/s12325-019-01180-5

52.Neyra JA, Hu MC. Potential application of klotho in human chronic kidney
disease. Bone. (2017) 100:41-9. doi: 10.1016/j.bone.2017.01.017

53. Rotondi S, Pasquali M, Tartaglione L, Muci ML, Mandanici G, Leonangeli C, et al.
Soluble a-klotho serum levels in chronic kidney disease. Int ] Endocrinol. (2015)
2015:872193. doi: 10.1155/2015/872193

54. Tan SJ, Smith ER, Holt SG, Hewitson TD, Toussaint ND. Soluble klotho may be a
marker of phosphate reabsorption. Clin Kidney J. (2017) 10:397-404. doi: 10.1093/ckj/
sfw146

55. Martin-Virgala J, Martin-Carro B, Fernandez-Villabrille S, Ruiz-Torres MP,
Gomez-Alonso C, Rodriguez-Garcia M, et al. Soluble klotho, a potential biomarker of
chronic kidney disease-mineral bone disorders involved in healthy ageing: lights and
shadows. Int ] Mol Sci. (2024) 25:1843. doi: 10.3390/ijms25031843

56.De Loor J, Daminet S, Smets P, Maddens B, Meyer E. Urinary biomarkers for
acute kidney injury in dogs. J Vet Intern Med. (2013) 27:998-1010. doi: 10.1111/
jvim.12155

57. Friedrichs KR, Harr KE, Freeman KP, Szladovits B, Walton RM, Barnhart KF, et al.
ASVCP reference interval guidelines: determination of de novo reference intervals in
veterinary species and other related topics. Vet Clin Pathol. (2012) 41:441-53. doi:
10.1111/vcp.12006

58. Tassini LES, Leme FOP, Veado JCC, Ardnt MHL. Determination of the reference
interval for the activity of NAcetyl-pB-D-glucosaminidase (NAG) in urine of healthy
dogs. Pesq Vet Bras. (2018) 38:1685-90. doi: 10.1590/1678-5150-pvb-5025

59. Heiene R. Interpreting blood creatinine concentration in dogs. International Renal
Interest Society. (2022). Available at: http://www.iris-kidney.com/education/education/
creatinine_dogs.html

frontiersin.org


https://doi.org/10.3389/fvets.2024.1423390
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.bbrc.2010.06.110
https://doi.org/10.3390/jcm11092415
https://doi.org/10.1186/s12983-018-0282-9
https://doi.org/10.1016/j.mad.2010.02.008
https://doi.org/10.1042/BST20190110
https://doi.org/10.1038/nrneph.2017.169
https://doi.org/10.1146/annurev-physiol-030212-183727
https://doi.org/10.1038/nrneph.2013.176
https://doi.org/10.3389/fendo.2020.00560
https://doi.org/10.1093/ndt/gfx376
https://doi.org/10.1248/bpb.b17-00934
https://doi.org/10.1136/jim-2017-000560
https://doi.org/10.1093/ndt/gfs460
https://doi.org/10.1371/journal.pone.0086301
https://doi.org/10.1371/journal.pone.0086301
https://doi.org/10.3904/kjim.2015.30.4.489
https://doi.org/10.1159/000506380
https://doi.org/10.1007/s12325-019-01180-5
https://doi.org/10.1016/j.bone.2017.01.017
https://doi.org/10.1155/2015/872193
https://doi.org/10.1093/ckj/sfw146
https://doi.org/10.1093/ckj/sfw146
https://doi.org/10.3390/ijms25031843
https://doi.org/10.1111/jvim.12155
https://doi.org/10.1111/jvim.12155
https://doi.org/10.1111/vcp.12006
https://doi.org/10.1590/1678-5150-pvb-5025
http://www.iris-kidney.com/education/education/creatinine_dogs.html
http://www.iris-kidney.com/education/education/creatinine_dogs.html

	Determination of the reference interval for urinary klotho to creatinine ratio of healthy dogs
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Collection and analysis of samples
	2.3 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

