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Abstract

:

Simple Summary


Chronic kidney disease (CKD) is the most frequent metabolic disorder affecting geriatric cats, and is a major cause of mortality among this species. Due to its progressive nature and non-specific clinical signs, an effort is being made to discover new, more efficient biomarkers of glomerular filtration for the timely diagnosis of renal insufficiency. Symmetric dimethylarginine (SDMA) and fibroblast growth factor 23 (FGF 23) are promising new markers currently of interest in veterinary medicine. This study discusses the relationship between SDMA, FGF 23 and previously used indicators of kidney function, mainly creatinine, urea and phosphate, to establish their efficacy in a clinical setting. An increase in FGF 23 in CKD patients compared to healthy cats has been recognized, despite the lack of an evident correlation of FGF 23 with other analyzed markers.




Abstract


Chronic kidney disease (CKD) is a common diagnosis in older cats, and its prevalence increases with age. Conventional indirect biomarkers of glomerular filtration rate (GFR) have their limitations, and are not efficient in detecting early decreases in glomerular filtration rate. Recently, symmetric dimethylarginine (SDMA) concentrations have been proposed as a novel biomarker of GFR for the early detection of CKD. This study discusses the relationship between SDMA, FGF 23 and previously used indicators of kidney function, mainly creatinine, urea and phosphate. Ninety-nine cats were included in this study. Based on their SDMA values, 48 cats had CKD and the remaining 51 cats were used as a healthy control group. Serum of these cats was assayed for creatinine, urea and phosphate concentrations as well as FGF 23 values, and correlations between them were evaluated. Cats with CKD had higher FGF 23 concentrations than healthy cats, and no correlation was found between FGF 23 and SDMA, nor between FGF 23 and phosphate. On the other hand, phosphate strongly correlated with SDMA, urea and creatinine, making it a possible independent factor of CKD progression.
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1. Introduction


Chronic kidney disease (CKD) continues to be one of the most common biochemical abnormalities diagnosed in cats in small animal practice. CKD is progressive in nature, and its prevalence increases with age, with up to 80% of cats over the age of 15 years being affected [1]. The reduction in renal function in affected patients reflects the severity of clinical signs. The most prominent clinical signs that necessitate a veterinary visit are related to the gastrointestinal tract (e.g., anorexia, nausea, vomiting, melena, halitosis, diarrhea). Other non-specific clinical signs include polyuria and polydipsia, muscle wasting, weight loss, lethargy, weakness and urinary incontinence. Although no treatment to date can correct the existing irreversible renal lesions of CKD, the clinical and biochemical consequences of reduced renal function can often be alleviated by supportive and symptomatic treatment. In addition, the spontaneously progressive course of CKD can be slowed by early therapeutic intervention [2]. Indirect markers of glomerular filtration rate (GFR), such as serum creatinine and urea, are currently used for diagnosis, each with its own limitations [3]. Urine protein to creatinine ratio, urine specific gravity and blood pressure values together also aid in the diagnosis and staging of CKD. In recent years, a novel biomarker, symmetric dimethylarginine (SDMA), has been utilized for the indirect measurement of GFR. SDMA is a stable molecule that originates from intracellular proteins that play a major role in basic cellular metabolism. SDMA and related compounds are provided in the nucleus of all cells, and their formation occurs by the obligatory post-transcriptional modification and methylation of arginine residues of various proteins and subsequent proteolysis [4]. Extrarenal influences, especially the influence of muscle mass, are a limitation for the use of serum creatinine in the early diagnosis of CKD. Evidence exists showing that, unlike creatinine, SDMA is not affected by muscle mass, and does not show a correlation with body weight in adult dogs or geriatric cats [5,6]. To date, available studies suggest that plasma or serum concentrations of SDMA increase with decreasing GFR, without being affected by extra-renal factors [5,6,7,8]. The International Renal Interest Society (IRIS) modified its guidelines to incorporate persistently increased SDMA values as an indicator of decreased renal function in early stages of renal disease [9].



Chronic kidney disease–mineral and bone disorder is a systemic disorder affecting hormonal and mineral metabolism due to a disturbance in calcium-phosphate homeostasis occurring as a result of the loss of renal phosphate excretion capacity [10]. Loss of functioning nephrons resulting in a reduction in GFR leads to decreased plasma phosphate excretion. In the early stages of CKD, a “trade-off” mechanism maintains plasma phosphate concentrations within physiological limits by an increase in the production of parathormone (PTH) and fibroblast growth factor 23 (FGF 23), increasing renal phosphate clearance [11]. Fibroblast growth factor 23 is a phosphaturic hormone produced by osteocytes [12] and osteoblasts [13,14] in response to hyperphosphatemia [15]. FGF 23 maintains serum phosphate levels within the normal range by increasing renal phosphate excretion and decreasing the synthesis and degradation of calcitriol, thereby reducing intestinal phosphate absorption. In addition, FGF 23 acts on the parathyroid gland and reduces PTH synthesis and secretion [16]. FGF interacts with one of a family of four FGF receptors (FGFRs) that belong to the type I transmembrane phosphotyrosine kinase receptors. FGF 23 binds to FGF receptor 1 with its coreceptor αKlotho, a single-pass transmembrane protein with homology to β-glucuronidase that is required for receptor activation mediated by FGF 23 [17]. The renal expression of αKlotho is thought to be reduced in CKD, thereby reducing the phosphaturic effects of FGF 23 [18]. Continuous loss of renal mass combined with lower Klotho expression induces resistance to FGF 23 action, thus reducing phosphaturia and resulting in phosphate retention. To maintain normophosphatemia, osteocytes continuously synthesize FGF 23. On the other hand, FGF 23 down-regulates PTH synthesis. FGF 23 binds to the Klotho–FGFR1c complex in the parathyroid glands, and thus reduces the expression of the PTH gene [19]. However, with the progression of CKD, the Klotho–FGFR1c complex decreases in the hyperplastic parathyroid glands of uremic individuals, and the feedback loop between PTH and FGF 23 is disrupted [20]. Despite high blood levels of these phosphaturic hormones, urinary phosphate excretion is reduced due to the large loss of renal mass in the advanced stages of CKD, leading to phosphate retention and hyperphosphatemia. Altogether, FGF 23 is primarily cleared by the kidneys, and in humans is thought to be a marker of GFR [21] and a predictor of renal disease progression. In cats, FGF 23 is thought to increase with the progression of CKD, and is elevated in patients with hyperphosphatemia [22].




2. Materials and Methods


2.1. Case Selection


Feline patients recruited for this study were selected from cats examined at the University Veterinary Hospital, University of Veterinary Medicine and Pharmacy in Košice, Slovakia throughout the course of one year. All the cats seen at the practice came for routine wellness screening and blood collection, regardless of their health status. All patients over 10 years of age were included. Based on IRIS recommendations, SDMA was measured for each patient. Cats with no previous history of acute kidney injury, exposure to nephrotoxic drugs or toxins, evident signs of renal disease (progressive weight loss, polyuria/polydipsia, anorexia, vomiting), or imaging abnormalities, and with normal serum biochemistry and SDMA levels within the reference range were classified as clinically healthy. Diagnosis of CKD was based on history, serum biochemistry abnormalities and signs of kidney insufficiency and/or imaging abnormalities. Cats were classified as having CKD if they exhibited at least three of the six symptoms of weight loss, poor hair quality, polyuria/polydipsia, anorexia, vomiting and radiographic kidney changes, and had concurrent azotemia or persistently increased SDMA values (SDMA > 14). Animals treated for hypertension, hyperthyroidism or diabetes mellitus were excluded from this study.




2.2. Blood Sampling and Evaluation


Biochemical analyses were performed on the day of admission for each cat that showed signs of dehydration after stabilizing with intravenous crystalloid fluids. Blood sampling was performed at the clinic by venipuncture of cephalic or jugular vein with minimal restraint to reduce stress. At least 2 mL of blood was collected into tubes without anticoagulant. After centrifugation, in-house biochemical analysis was performed using a Cobas c 111 analyzer (Roche, Switzerland, CH) and Catalyst One (IDEXX Laboratories, Westbrook, ME, USA) for SDMA analysis. Remaining serum was stored at −80 °C for future analysis. These samples were later used for the measurement of intact FGF 23 by validated enzyme-linked immunosorbent assay (Cat Fibroblast Growth Factor 23 ELISA Kit, MyBioSource Inc., San Diego, CA, USA) by an automated chemistry analyzer Alizé (Lisabio, Poully en Auxois, France). Serum samples (n = 12) were measured using a feline FGF 23 ELISA kit to determine the coefficient of variation (CV) with low, medium and high FGF 23. From the 12 samples, the highest and lowest values were excluded, leaving 10 samples for further assessment. We measured each sample for FGF 23 5 times for intra-assay CV. The lowest limit of detection of the assay was assessed by confirmation of a mean CV < 15% for the lowest sample measured repeatedly. The effect of storage and temperature stability was assessed by storing 5 samples with baseline values measured before storage at 4 °C, −20 °C and −80 °C (frozen for 4 h and 7 days, respectively).




2.3. Statistical Analysis


Correlograms were performed using programming language R (version 3.6.0, accessed on 5 May 2022) with standard library and libraries ggplot2 (version 3.1.1, accessed on 5 May 2022), ggpubr (version 0.2, accessed on 5 May 2022), psych (version 1.8.12, accessed on 5 May 2022) and GGally (version 1.4.0, accessed on 5 May 2022). Statistical analyses were performed using GraphPad Prism 8.0. (GraphPad Software, Inc., San Diego, CA, USA). All data were examined for normal distribution and analyzed using the Mann–Whitney U test. The data from all animals were used; no animal was excluded for the analysis. The data are presented as median ± standard deviation (SD).





3. Results


Between September 2020 and August 2021, 108 cats over the age of 10 years were identified as suitable for the study, of which 9 were excluded before analysis due to sample impairment. Overall, 99 geriatric cats (42 females and 57 males) were included in the analysis, and their age ranged from 10 to 22 years (12.6 ± 2.4). The most prevalent breeds were domestic shorthair (n = 69), British shorthair (n = 11), Persian (n = 9), ragdoll (n = 5), Maine coon (n = 3), and additionally there was one Siamese and one Egyptian mau. All 99 cats had their SDMA measured on the day of admission, and 48 cats had increased serum SDMA concentrations. The remaining 51 had SDMA concentrations within the reference range (≤14 µg/dL). Outliers were identified: two cats with SDMA concentration 85 µg/dL and 75 µg/dL, respectively. Analysis was repeated without the outliers without any difference in the results.



Results of the laboratory analysis are summarized in Table 1. The analysis revealed an increase in all of the parameters in the CKD group compared to the healthy control group of cats. In cats with CKD, serum FGF 23 concentration was significantly higher compared to the control group (Figure 1).



Correlations are shown in Figure 2 for the healthy control group and in Figure 3 for the CKD cats. Serum creatinine and urea showed a positive correlation (r2 = 0.57; p ˂ 0.001) in healthy (Figure 2) and CKD (Figure 3) cats (r2 = 0.86; p ˂ 0.001). Moreover, in the CKD group (Figure 3), significant positive correlations were also found between serum creatinine and phosphate (r2 = 0.70; p ˂ 0.001), and between urea and phosphate (r2 = 0.93; p ˂ 0.001). Additionally, in the CDK group of cats, SDMA positively correlated with phosphate (r2 = 0.84; p ˂ 0.001) and urea (r2 = 0.75; p ˂ 0.001). In addition, in the CDK group, a positive correlation was also found between creatinine and SDMA (r2 = 0.56; p ˂ 0.05).




4. Discussion


The aim of our study was to evaluate the relationship between SDMA, FGF 23, creatinine, urea and phosphate in geriatric cats with CKD. Because previously published studies [22,23,24,25,26] came with the hypothesis that FGF 23 should increase with increasing SDMA and should be positively correlated to phosphate concentrations, we also evaluated these two parameters. Studies indicate that FGF 23 increases with the progression of CKD in humans, dogs and cats [22,23,24,25], and therefore could be a biomarker for the early detection of CKD [27].



SDMA and serum creatinine are both considered indirect biomarkers of GFR, which was also established in our study by a positive correlation between these two parameters in the CKD group, but not the healthy group. SDMA is an endogenous molecule originating as a by-product of cellular catabolism. It is excreted primarily by glomerular filtration [5], with about 90% of the produced SDMA being eliminated by the kidneys [28]. In cats with CKD, serum SDMA increases with reduced GFR [5] and is a more effective indicator of early decrease in renal function [8]. Moreover, it is not affected by age, and in contrast to creatinine, SDMA concentrations increase with age as the GFR declines [8].



Cats in our study were grouped according to their SDMA concentrations into two groups: one consisted of healthy cats and the second group consisted of cats with CKD to allow for comparison between non-azotemic healthy cats and cats with evidence of renal disease. As with many previous studies, we also found that FGF 23 increases in cats with CKD as opposed to healthy non-azotemic cats. A negative correlation between FGF 23 and GFR was previously established in cats with CKD [29]. Due to the retrospective nature of our study, we have no data concerning GFR for selected patients. Studies in human medicine show that SDMA is a more accurate estimate of GFR and a more specific marker of kidney function than creatinine [30].



In our study, there was no significant correlation between FGF 23 and phosphate in the CKD group. However, we found a positive correlation between SDMA and serum phosphate, indicating that a disturbance in phosphate metabolism may take place early in the disease.



Hyperphosphatemia has been associated with the progression of renal disease in human patients with CKD, as well as shorter survival time in cats [31], and phosphate-restricted diets resulted in improved survival [32,33]. Since phosphate is freely filtered at the glomerulus, its increase in CKD can be associated with a decline in GFR, making it a marker of CKD progression. We found a significant positive correlation between phosphate and serum urea, and between creatinine and SDMA, suggesting that phosphate concentrations could be used as an independent predictor of CKD progression. Previous studies suggest that increasing severity and frequency of hyperphosphatemia may indicate more serious CKD [34] and shorter patient survival time [35]. Serum phosphorus concentrations result from a net balance between dietary intake and the renal excretion of phosphorus. Therefore, the maintenance of serum phosphorus concentrations in the normal range when renal function declines requires an adjustment of phosphorus intake. Phosphorus restriction is one of the main characteristics of the renal diet. Because protein is the main source of phosphorus, phosphorus-restricted diets are usually also protein-restricted. Phosphorus content is reduced to limit phosphorus retention, hyperphosphatemia, secondary renal hyperparathyroidism and the progression of renal disease. Although phosphorus retention and hyperphosphatemia are unlikely to directly cause clinical symptoms, they may promote elevated FGF 23 levels, secondary renal hyperparathyroidism, decreased calcitriol levels and renal mineralization that may contribute to CKD progression [2]. In cats, high dietary phosphorus intake (1.56% phosphorus in dry matter) for 65 to 343 days was associated with kidney mineralization, fibrosis and mononuclear cell infiltration, unlike lower phosphorus intake (0.42% phosphorus in dry matter) [36]. Not all cats in our study were fed a low-phosphorus diet or had oral phosphate binders administered; hence, we did not monitor the effect of dietary phosphorus restriction on the progression of CKD.



In human medicine, plasma FGF 23 and PTH concentrations increase in CKD patients before the development of hyperphosphatemia [37,38]. A study carried out previously on client-owned cats over the age of 9 years demonstrated that an increase in both plasma FGF 23 and PTH was a predictor of early-onset azotemia [29,39]. Rodent models demonstrate that FGF 23 increases as a response to hyperphosphatemia [15] to inhibit phosphate reabsorption in the kidney [39]. We found no correlation between FGF 23 and serum phosphate concentrations in cats with CKD. Similarly, a study conducted by Sargent et al. found significantly higher FGF 23 concentrations despite no difference in PTH or phosphate concentrations in cats with increased SDMA [40].



We identified some potential limitations of our study. One potential limitation is that the serum FGF 23 concentration measurement was not assessed at the time of sampling. Samples were stored at approximately −80 °C for 6–12 months, which could lead to degradation, affecting the measured concentrations. The stability of FGF 23 in serum frozen at −80 °C for a longer period of time has not yet been established. However, we did not notice negative effects of storage on FGF 23 in our study. Another possible limitation of this study is that the patients were not fed a uniform, controlled diet, as this could impact FGF 23 concentrations in cats receiving phosphate-restricted renal diets as opposed to those fed commercially available feline diets or owner-prepared meals [32,33].




5. Conclusions


We observed that FGF 23 was higher in cats with SDMA above the reference range in comparison to healthy cats, which suggests a disturbance of phosphate metabolism in early stages of the disease before hyperphosphatemia becomes evident. However, no significant correlation between FGF 23 and phosphate was found. On the other hand, phosphate strongly correlated with urea, creatinine and SDMA, making it a possible prognostic marker for the progression of renal disease. To conclude, FGF 23 alone may not be a sufficient parameter for establishing kidney function, and standard renal parameters are still considered the gold standard for routine renal disease diagnostics.







Author Contributions


Conceptualization, S.G.; methodology, S.G., M.K., T.K. and C.T.; validation, M.S.; investigation, S.G., M.K., D.B., A.M., B.L. and L.K.; resources, S.G.; data curation, S.G., M.K., C.T. and T.K.; writing—original draft preparation, S.G. and M.K.; writing—review and editing, M.F. and D.B.; visualization, S.G. and B.L.; supervision, S.G. and M.K.; project administration, S.G.; funding acquisition, C.T. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the grants IGA UVLF 16/2020, VEGA 1/0231/22, VEGA 1/0177/22 and VEGA 1/0314/20 from the Ministry of Education, Science, Research and Sport of the Slovak Republic.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee at the UVMP in Košice (protocol code EKVP/2022-13, 12 July 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data are provided in the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, H.; Dunaevich, A.; Apfelbaum, N.; Kuzi, S.; Mazaki-Tovi, M.; Aroch, I.; Segev, G. Acute on chronic kidney disease in cats: Etiology, clinical and clinicopathologic findings, prognostic markers, and outcome. J. Vet. Intern. Med. 2020, 34, 1496–1506. [Google Scholar] [CrossRef] [PubMed]

	



Bartges, J.; Polzin, D.J. Chronic Kidney Disease. Nephrology and Urology of Small Animals, 1st ed.; Wiley Blackwell: Oxford, UK, 2011; pp. 433–468. [Google Scholar]

	



Brown, S.A.; Haberman, C.; Finco, D.R. Use of plasma clearance of inulin for estimating glomerular filtration rate in cats. Am. J. Vet. Res. 1996, 57, 1702–1705. [Google Scholar]

	



Kielstein, J.T.; Salpeter, S.R.; Bode-Boeger, S.M.; Cooke, J.P.; Fliser, D. Symmetric dimethylarginine (SDMA) as endogenous marker of renal function- a meta-analysis. Nephrol. Dial. Transplant. 2006, 21, 2446–2451. [Google Scholar] [CrossRef] [PubMed]

	



Braff, J.; Obare, E.; Yerramilli, M.; Elliott, J.; Yerramilli, M. Relationship between serum symmetric dimethylarginine concentration and glomerular filtration rate in cats. J. Vet. Intern. Med. 2014, 28, 1699–1701. [Google Scholar] [CrossRef] [PubMed]

	



Hall, J.A.; Yerramilli, M.; Obare, E.; Yerramilli, M.; Yu, S.; Jewell, D.E. Comparison of serum concentrations of symmetric dimethylarginine and creatinine as kidney function biomarkers in healthy geriatric cats fed reduced protein foods enriched with fish oil, L-carnitine, and medium-chain triglycerides. J. Vet. Intern. Med. 2015, 29, 1036–1044. [Google Scholar] [CrossRef]

	



Jepson, R.E.; Syme, H.M.; Vallance, C.; Elliott, J. Plasma asymmetric dimethylarginine, symmetric dimethylarginine, l-arginine, and nitrite/nitrate concentrations in cats with chronic kidney disease and hypertension. J. Vet. Intern. Med. 2008, 22, 317–324. [Google Scholar] [CrossRef]

	



Hall, J.A.; Yerramilli, M.; Obare, E.; Yerramilli, M.; Jewell, D.E. Comparison of serum concentrations of symmetric dimethylarginine and creatinine as kidney function biomarkers in cats with chronic kidney disease. J. Vet. Intern. Med. 2014, 28, 1676–1683. [Google Scholar] [CrossRef]

	



International Renal Interest Society. IRIS Staging of CKD. 2019. Available online: http://iris-kidney.com/pdf/IRIS_Staging_of_CKD_modified_2019.pdf (accessed on 4 May 2022).

	



Locatelli, F.; Cannata-Andía, J.B.; Drüeke, T.B.; Hörl, W.H.; Fouque, D.; Heimburger, O.; Ritz, E. Management of disturbances of calcium and phosphate metabolism in chronic renal insufficiency, with emphasis on the control of hyperphosphataemia. Nephrol. Dial. Transplant. 2002, 17, 723–731. [Google Scholar] [CrossRef]

	



Tang, P.K.; Geddes, R.F.; Jepson, R.E.; Elliott, J. A feline-focused review of chronic kidney disease-mineral and bone disorders—Part 1: Physiology of calcium handling. Vet. J. 2021, 275, 105719. [Google Scholar] [CrossRef]

	



Pereira, R.C.; Juppner, H.; Azucena-Serrano, C.E.; Yadin, O.; Salusky, I.B.; Wesseling-Perry, K. Patterns of FGF-23, DMP1, and MEPE expression in patients with chronic kidney disease. Bone 2009, 45, 1161–1168. [Google Scholar] [CrossRef]

	



Riminucci, M.; Collins, M.T.; Fedarko, N.S.; Cherman, N.; Corsi, A.; White, K.E.; Waguespack, S.; Gupta, A.; Hannon, T.; Econs, M.J.; et al. FGF-23 in fibrous dysplasia of bone and its relationship to renal phosphate wasting. J. Clin. Investig. 2003, 112, 683–692. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Guo, R.; Simpson, L.G.; Xiao, Z.S.; Burnham, C.E.; Quarles, L.D. Regulation of fibroblastic growth factor 23 expression but not degradation by PHEX. J. Biol. Chem. 2003, 278, 37419–37426. [Google Scholar] [CrossRef]

	



Saito, H.; Maeda, A.; Ohtomo, S.; Hirata, M.; Kusano, K.; Kato, S.; Ogata, E.; Segawa, H.; Miyamoto, K.I.; Fukushima, N. Circulating FGF-23 is regulated by 1 alpha,25-dihydroxyvitamin D-3 and phosphorus in vivo. J. Biol. Chem. 2005, 280, 2543–2549. [Google Scholar] [CrossRef] [PubMed]

	



Nitta, K.; Nagano, N.; Tsuchiya, K. Fibroblast Growth Factor 23/Klotho Axis in Chronic Kidney Disease. Nephron. Clin. Pract. 2014, 128, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.C.; Shiizaki, K.; Kuro, O.M.; Moe, O.W. Fibroblast Growth Factor 23 and Klotho: Physiology and Pathophysiology of an Endocrine Network of Mineral Metabolism. Annu. Rev. Physiol. 2013, 75, 503–533. [Google Scholar] [CrossRef]

	



Sakan, H.; Nakatani, K.; Asai, O.; Imura, A.; Tanaka, T.; Yoshimoto, S.; Iwamoto, N.; Kurumatani, N.; Iwano, M.; Nabeshima, Y.I.; et al. Reduced Renal α-Klotho Expression in CKD Patients and Its Effect on Renal Phosphate Handling and Vitamin D Metabolism. PLoS ONE 2014, 9, e86301. [Google Scholar]

	



Covic, A.; Goldsmith, D.; Ureña Torres, P.A. Parathyroid Glands in Chronic Kidney Disease; Springer International Publishing: Cham, Switzerland, 2020; ISBN 978-3-030-43768-8. [Google Scholar]

	



Komaba, H.; Fukagawa, M. FGF23–parathyroid interaction: Implications in chronic kidney disease. Kidney Int. 2010, 77, 292–298. [Google Scholar] [CrossRef]

	



Filler, G.; Liu, D.; Huang, S.H.; Casier, S.; Chau, L.A.; Madrenas, J. Impaired GFR is the most important determinant for FGF-23 increase in chronic kidney disease. Clin. Biochem. 2011, 44, 435–437. [Google Scholar] [CrossRef]

	



Geddes, R.; Finch, N.; Elliott, J.; Syme, H. Fibroblast Growth Factor 23 in Feline Chronic Kidney Disease. J. Vet. Intern. Med. 2013, 27, 234–241. [Google Scholar] [CrossRef]

	



Dittmer, K.E.; Perera, K.C.; Elder, P.A. Serum fibroblast growth factor 23 concentrations in dogs with chronic kidney disease. Res. Vet. Sci. 2017, 114, 348–350. [Google Scholar] [CrossRef]

	



Harjes, L.M.; Parker, V.J.; Dembek, K.; Young, G.S.; Giovaninni, L.H.; Kogika, M.M.; Chew, D.J.; Toribio, R.E. Fibroblast growth factor-23 concentration in dogs with chronic kidney disease. J. Vet. Intern. Med. 2017, 31, 784–790. [Google Scholar] [CrossRef]

	



Parker, V.J.; Harjes, L.M.; Dembek, K.; Young, G.S.; Chew, D.J.; Toribio, R.E. Association of vitamin D metabolites with parathyroid hormone, fibroblast growth factor-23, calcium, and phosphorus in dogs with various stages of chronic kidney disease. J. Vet. Intern. Med. 2017, 31, 791–798. [Google Scholar] [CrossRef] [PubMed]

	



Finch, N.C.; Geddes, R.F.; Syme, H.M.; Elliott, J. Fibroblast growth factor 23 (FGF-23) concentrations in cats with early nonazotemic chronic kidney disease (CKD) and in healthy geriatric cats. J. Vet. Intern. Med. 2013, 27, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.; Lin, L.; Chen, S.; Yu, L.; Chen, S.; Xia, Z. Serum fibroblast growth factor 23 (FGF-23): Associations with hyperphosphatemia and clinical staging of feline chronic kidney disease. J. Vet. Diagn. Investig. 2021, 33, 288–293. [Google Scholar] [CrossRef]

	



Schwedhelm, E.; Boger, R.H. The role of asymmetric and symmetric dimethylarginines in renal disease. Nat. Rev. Nephrol. 2011, 7, 275–285. [Google Scholar] [CrossRef]

	



Dixon, J.J.; Lane, K.; Dalton, R.N.; MacPhee, I.A.; Philips, B.J. Symmetrical dimethylarginine is a more sensitive biomarker of renal dysfunction than creatinine. Crit. Care 2013, 17, 423. [Google Scholar] [CrossRef]

	



Boyd, L.M.; Langston, C.; Thompson, K.; Zivin, K.; Imanishi, M. Survival in cats with naturally occurring chronic kidney disease (2000–2002). J. Vet. Intern. Med. 2008, 22, 1111–1117. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, J.; Rawlings, J.M.; Markwell, P.J.; Barber, P.J. Survival of cats with naturally occurring chronic renal failure: Effect of dietary management. J. Small Anim. Pract. 2000, 41, 235–242. [Google Scholar] [CrossRef]

	



Ross, S.J.; Osborne, C.A.; Kirk, C.A.; Lowry, S.R.; Koehler, L.A.; Polzin, D.J. Clinical evaluationof dietary modification for treatment of spontaneous chronic kidney disease in cats. J. Am. Vet. Med. Assoc. 2006, 229, 949–957. [Google Scholar] [CrossRef]

	



Barber, P.J.; Elliot, J. Feline chronic renal failure: Calcium homeostasis in 80 cases diagnosed between 1992 and 1995. J. Small Anim. Pract. 1998, 39, 108–116. [Google Scholar] [CrossRef]

	



King, J.N.; Tasker, S.; Gunn-Moore, D.A.; Strehlau, G. BENRIC (benazepril in renal insufficiency in cats) Study Group. Prognostic factors in cats with chronic kidney disease. J. Vet. Intern. Med. 2007, 21, 906–916. [Google Scholar] [CrossRef] [PubMed]

	



Marsell, R.; Grundberg, E.; Krajisnik, T.; Mallmin, H.; Karlsson, M.; Mellstrom, D.; Orwoll, E.; Ohlsson, C.; Jonsson, K.B.; Ljunggren, O.; et al. Fibroblast growth factor-23 is associated with parathyroid hormone and renal function in a populationbased cohort of elderly men. Eur. J. Endocrinol. 2008, 158, 125–129. [Google Scholar] [CrossRef] [PubMed]

	



Ross, L.A.; Finco, D.R.; Crowell, W.A. Effect of dietary phosphorus restriction on the kidneys of cats with reduced renal mass. Am. J. Vet. Res. 1982, 43, 1023–1026. [Google Scholar]

	



Isakova, T.; Wahl, P.; Vargas, G.S.; Gutiérrez, O.M.; Scialla, J.; Xie, H.; Appleby, D.; Nessel, L.; Bellovich, K.; Chen, J.; et al. Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 2011, 79, 1370–1378. [Google Scholar] [CrossRef] [PubMed]

	



Finch, N.C.; Syme, H.M.; Elliott, J. Parathyroid hormone concentration in geriatric cats with various degrees of renal function. J. Am. Vet. Med. Assoc. 2012, 241, 1326–1335. [Google Scholar] [CrossRef]

	



Shimada, T.; Kakitani, M.; Yamazaki, Y.; Hasegawa, H.; Takeuchi, Y.; Fujita, T.; Fukumoto, S.; Tomizuka, K.; Yamashita, T. Targeted ablation of Fgf23 demonstrates an essential physiological role of FGF23 in phosphate and vitamin D metabolism. J. Clin. Investig. 2004, 113, 561–568. [Google Scholar] [CrossRef]

	



Sargent, H.J.; Jepson, R.E.; Chang, Y.M.; Biourge, V.C.; Bijsmans, E.S.; Elliott, J. Fibroblast growth factor 23 and symmetric dimethylarginine concentrations in geriatric cats. J. Vet. Intern. Med. 2019, 33, 2657–2664. [Google Scholar] [CrossRef]








[image: Animals 12 02247 g001 550] 





Figure 1. Comparison of FGF 23 between healthy and CKD cats. Data are expressed as median ± SD. The data were analyzed using the Mann–Whitney U test. The box indicates the lower and upper quartile, and the central line is the median. The points at the ends of the whiskers are the 2.5 and 97.5% values. The box plot shows the serum level of FGF 23 in healthy and CKD cats. The FGF 23 level of CKD animals is significantly higher than in healthy controls. Significance vs. healthy animals is given as * p < 0.05. 
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Figure 2. Analysis of correlations (correlograms) among levels of selected parameters in healthy cats. CREA, creatinine; P, phosphate; Ca, calcium; SDMA, symmetric dimethylarginine; FGF 23, fibroblast growth factor 23. The coefficients of Pearson product-moment correlation are reported. Significance is given by *** p < 0.001. 
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Figure 3. Analysis of correlations (correlograms) among levels of selected parameters in the CKD group of cats. CREA, creatinine; P, phosphate; Ca, calcium; SDMA, symmetric dimethylarginine; FGF 23, fibroblast growth factor 23. The coefficients of Pearson product-moment correlation are reported. Significance is given by * p < 0.05 and *** p < 0.001. 
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Table 1. Results of laboratory analysis of biochemical parameters.
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Parameter

	
Reference Range

	
Healthy

	

	
CKD

	




	
Median ± SD

	
Min–Max

	
Median ± SD

	
Min–Max






	
Creatinine µmol/L

	
59–168 1

	
107.80 ± 158.30

	
11.60–1255.00

	
206.80 ± 511.60 *

	
37.50–1833.00




	
BUN mmol/L

	
8.2–12.1 1

	
7.82 ± 4.03

	
4.78–27.97

	
18.25 ± 34.39 *

	
5.52–139.7




	
P mmol/L

	
0.8–2.08 1

	
1.34 ± 1.26

	
0.78–10.40

	
1.34 ± 2.53

	
1.07–11.44




	
Ca mmol/L

	
2.25–2.99 1

	
2.22 ± 0.28

	
1.08–2.56

	
2.21 ± 0.45

	
1.40–2.98




	
SDMA µg/dL

	
0–14 2

	
9.00 ± 2.58

	
2.00–14.00

	
18.00 ± 20.20 *

	
15.00–83.00




	
FGF 23 pg/mL

	
56–700 3

	
5.61 ± 83.98

	
0.00–323.90

	
130.20 ± 189.20 *

	
18.30–795.30








1 Reference range generated from normal clinical values. 2 Reference range based on IRIS. 3 Reference range based on Finch et al. (2013). Data are expressed as median ± SD (standard deviation). Minimal and maximal values are available. Significance is given vs. Intact by * p < 0.05.
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