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Background: Indoxyl sulfate (IS) has been reported not only to increase with the severity of

impaired renal function, but also possibly to be a factor associated with bone abnormalities

linked to fibroblast growth factor-23 (FGF-23) in humans with chronic kidney disease (CKD). It

is not yet known whether this correlation between IS and FGF-23 holds true for cats with CKD.

Hypothesis: Accumulation of IS is related to FGF-23 secretion in cats with CKD.

Animals: Twenty clinically healthy cats and 73 cats with CKD cases were evaluated retrospectively.

Methods: The concentrations of IS and FGF-23 in plasma were determined by high-performance

liquid chromatography and ELISA, respectively. Progression was defined as an increment of

0.5 mg/dL of serum creatinine concentration within 3 months.

Results: Plasma IS and FGF-23 concentrations were significantly increased concurrently with

decreasing renal function. Higher concentration of FGF-23 was significantly associated with

higher concentration of IS after adjusting for various confounding factors including creatinine

and phosphate. Furthermore, the correlation between IS and phosphate was higher than that

between FGF-23 and phosphate. When the renal progression group was compared with the

non-progression group, both IS and FGF-23 were found to be significantly increased (P < .05).

In addition, the area under receiver operator curve of the combination of IS and FGF-23 pre-

dicted renal progression at a level >0.9.

Conclusions and Clinical Importance: Both FGF-23 and IS are associated with phosphate

metabolism and CKD progression.
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1 | INTRODUCTION

Indoxyl sulfate (IS) is a protein-bound uremic toxin derived from die-

tary protein and mainly eliminated by renal excretion.1 It has been

reported to increase with the severity of impaired renal function in

humans2 and laboratory animals,3 specifically dogs and cats.4,5 Addi-

tionally, increased IS also has been found to be related to prognosis in

humans with chronic kidney disease (CKD)6 and to be associated with

progression in cats with CKD.4 Some studies in animals have indicated

that IS also plays a role in the inhibition of endothelial proliferation

and osteoblast function.7 These findings suggest that accumulation of

IS may be factor involved in the bone abnormalities found in human

CKD patients in whom it may alter calcium and phosphate concentra-

tions and affect their regulation.

Fibroblast growth factor-23 (FGF-23), which is secreted by osteo-

cytes and osteoblasts in response to increases serum phosphate con-

centration, acts with parathyroid hormone to regulate serum phosphate

concentration, calcitriol, and phosphate homeostasis.8 The concentra-

tion of FGF-23 also was reported to increase with the severity of

impaired renal function in humans9 and laboratory animals10 and results

in the deposition of calcium phosphate within the body.11 Studies also
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have shown that FGF-23 increases with the severity of CKD in both

cats12 and dogs.13 Furthermore, an increased FGF-23 concentration

was found to be associated with progression of CKD in people9 and

shorter survival time in cats with CKD.14

Indoxyl sulfate in humans has been reported to correlate indepen-

dently with FGF-23 and to be involved in mineral metabolism.15

Chronic kidney disease is a common disease with a high prevalence in

cats, and both IS and FGF-23 have been reported to be related to

severity and outcome but it is not yet known whether or not an asso-

ciation of IS with FGF-23 exists in cats with CKD. Therefore, our aims

were to: (1) elucidate whether serum FGF-23 concentrations are cor-

related with IS concentrations and other clinical variables across the

various stages of CKD in cats and (2) evaluate the possibility of using

IS and FGF-23 as predictive markers for CKD progression in cats.

2 | MATERIALS AND METHODS

2.1 | Patient and sample collection

Plasma and urine samples were collected from cats that attended

National Taiwan University Veterinary Hospital and stored at −80�C

until ELISA and high-performance liquid chromatography (HPLC). All

cases that formed the control group lacked any clinical signs of CKD and

also met our inclusion criteria, namely they had CBC, serum biochemistry

analysis, and had blood urea nitrogen (BUN) and serum creatinine con-

centrations within normal limits (ie, BUN concentration <30 mg/dL and

serum creatinine concentration <1.6 mg/dL). These cats also had urinaly-

sis performed and ultrasound examination of their kidneys and these

findings also were within normal limits. Cats with abnormal serum bio-

chemistry analysis (serum creatinine concentration ≥1.6 mg/dL) and

showing 1 of the following conditions: a history of clinical signs (eg, poly-

uria and polydispsia), abnormal urinalysis (urine specific gravity <1.030 or

persistent proteinuria based on urine protein-to-creatinine ratio [UPC]

>0.5 on 3 occasions and >2 weeks apart), with or without abnormal

ultrasonographic findings (small irregular kidneys, decreased corticome-

dullary distinction) for at least 3 months were enrolled in the CKD group.

Patients were excluded from the study if they had 1 of the following

problems: acute kidney disease or acute worsening azotemia (>0.3 mg/dL

increase in serum creatinine concentration within 7 days) or when they

had concurrent hyperthyroidism, lower urinary tract disease, or any clini-

cal signs of other nonrenal diseases (hepatic, cardiac, infectious, or neo-

plastic disease). All cats with CKD were further grouped using the

International Renal Interest Society (IRIS) staging system. In accordance

with IRIS CKD staging, these patients were classified into stages 1, 2,

3, or 4. Eligible CKD patients were classified into a progression group

and a non-progression group. Progression was defined as a 0.5 mg/dL

increment in serum creatinine concentration or death, including those

that were euthanized for progression within the 3-month period.

2.2 | Measurement of IS by HPLC

Total IS concentration was determined using an HPLC system equipped

with a pump (Hitachi L-7100, Hitachi, Tokyo, Japan), fluorescence

detector (Hitachi F-1050, Hitachi, Tokyo, Japan) and reversed phase

HPLC column (Mightysil RP-18 GP, 4.6 × 250 mm, 5 μm). Indoxyl sul-

fate potassium salt was dissolved in methanol as a standard solution and

stored at −20�C and protected from light. One-hundred microliters of

plasma were mixed with 360 μL of acetonitrile and vortexed for 30 sec-

onds before the mixture was centrifuged at 8160g for 5 minutes at 4�C.

The supernatant then was filtered through a 0.22 μm polyvinylidene

difluoride syringe filter before HPLC was performed.

The analytical conditions were similar to those previously described.5

Briefly, the mobile phase consisted of sodium acetate buffer (pH 4.5)

and acetonitrile (10:90, V/V). The flow rate was 1 mL/min and the injec-

tion volume was 10 μL. The excitation and emission wavelengths were

set at 280 and 375 nm, respectively. Under these conditions, the reten-

tion time of IS was 2.34 ± 0.01 minutes. The limit of detection and limit

of quantification were 0.05 and 0.2 mg/L, respectively. Intraday and

interday assay variations were determined at both 1 and 10 mg/L. The

coefficients of variation (CVs) of the intraday assays were 3.11 and

0.63% and the CVs of interday assays were 7.94 and 9.47% for 1

and 10 mg/L, respectively. The recoveries of IS at 1, 5, and 10 mg/L of

spiked plasma were 89.9 ± 3.7, 85.8 ± 3.4, and 89.5 ± 0.6%, respectively.

2.3 | Measurement of FGF-23 by commercial feline
FGF-23 ELISA kit

Feline FGF-23 concentrations were measured in plasma samples using a

commercial quantitative sandwich ELISA Kit (MyBioSource, San Diego,

California) for the detection of intact FGF-23 by following the manufac-

turer's instructions. Each sample was performed in duplicate and the

final concentration is presented as the mean of the 2 concentrations. All

chemicals and reagents were supplied by the kit (MyBioSource), includ-

ing 6 vials of standard solutions: 1000, 500, 250, 125, 62.5, and

31.2 pg/mL, sample diluent, horseradish peroxidase-conjugate reagent,

washing solution, chromogen solution A, chromogen solution B, and

stop solution. The sensitivity of this kit is 5.0 pg/mL, the linear detection

range is 31.2-1000 pg/mL, and both the intraassay CV and interassay

CV are <15% (Supporting Information S1).

2.4 | Statistical analysis

Statistical analysis was performed using SPSS software (v.20). The

normality of each data set was tested using the Kolmogorov-Smirnov

test. Based on these results, either the Mann-Whitney U test or the

Student's t test was used to assess differences between groups.

Differences in categorical variables were analyzed by either the

Chi-square test or Fisher's exact test. Receiver operator characteristic

(ROC) curves were applied to predict renal progression and to yield

the best cutoff. Kaplan-Meier curves were used to assess 90-day

CKD progression. Spearman correlation coefficients, Pearson correla-

tion coefficients, and linear regression were calculated to determine

the associations between different variables. Logistic regression was

applied to evaluate the correlation between variables and CKD pro-

gression and to calculate odds ratios. Multivariate logistic regression

was applied to construct a covariate set for adjustment of the vari-

ables. The probability of the F value to be entered and probability of

the F value to be removed during multiple regression analysis were

set at F ≤0.05 and F ≥0.1, respectively.
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3 | RESULTS

Based on IRIS stage, 38 cats were in stage 2, 23 cats were in stage 3,

and 12 cats were in stage 4, and these cats then were enrolled. In addi-

tion, 20 clinically healthy cats also were enrolled. Demographic findings

and clinical characteristics of the cats are summarized in Table 1. The

results showed that CKD cats were significantly older and had lower

hematocrits (HCT), hemoglobin (Hgb) concentrations, and serum albumin

concentrations than did the control group. Serum creatinine, phosphate,

and BUN concentrations, the product of calcium and phosphate (tCa ×

Pi), UPC, FGF-23, and IS all were significantly increased in the advanced

CKD groups. The results of the univariate and multiple regression analy-

sis for FGF-23 as a dependent variable are shown in Table 2. In the sim-

ple regression analysis, FGF-23 was found to be significantly correlated

with HCT, Hgb, albumin, BUN, creatinine, phosphate, sodium, chloride,

and IS. However, after pooling the large number of variables together

using stepwise multiple regression analysis, IS was the only independent

factor associated with the FGF-23 concentration (P = .04). Table 3

shows that there were direct correlations among IS, FGF-23, and phos-

phate, but after adjusting for IS using partial correlation analysis, FGF-23

and phosphate did not show a significant correlation.

The progression and non-progression groups of cats with CKD

were composed of 33 and 40 cases, respectively (Table 4) and median

progression was 28 days (interquartile range [IQR], 14-57 days). No cat

died or was euthanized during the study. The cats with renal progres-

sion had significantly lower HCT and WBC counts and higher BUN,

phosphate, tCa × Pi, UPC, FGF-23, and IS than did the non-progression

group. However, serum creatinine concentration did not reach statisti-

cal significance between groups. Table 5 shows the serum creatinine,

phosphate, IS, and FGF-23 concentrations of CKD cats at the different

stages within the progression and non-progression groups. Because the

number of stage 4 CKD cases was low, only CKD stage 2 and stage

3 groups were enrolled for evaluation of progression. Both IS and FGF-

23 concentrations in the progression group remained significantly

higher than in the non-progression group at the same stage. The univar-

iate logistic regression analysis identified that higher serum FGF-23, IS,

age, BUN, phosphate, tCa × Pi, UPC, and lower HCT, Hgb, and albumin

concentrations were significantly associated with progression of CKD

(Table 6). In the multivariate logistic regression analysis, the predictive

roles of IS and FGF-23 remained independently significant after adjust-

ment for the various different models (Table 7), except for the adjust-

ment for UPC in both the IS and FGF-23 models, as well as for tCa × Pi

in the FGF-23 model. In addition, using a final model of adjustment for

various covariates (BUN, creatinine, HCT, Hgb, albumin, phosphate and

FGF-23, model 11a), IS was found to be an independent progression

factor for CKD. However, when the model was adjusted with the same

set of covariates, FGF-23 did not achieve significance when IS was

added (model 11b). Moreover, the correlations between UPC and IS, as

TABLE 1 Clinical characteristics and baseline biochemical parameters of the studied patients

Variables Control (n = 20)

CKD classification (n = 73)

Stage 2 Stage 3 Stage 4

Sex (male %)a 50%, n = 20 55.3%, n = 38 47.8%, n = 23 50%, n = 12

Age (year)b 4 (3-5.75), n = 20 10 (5.8-15)c, n = 38 12 (8-15)c, n = 23 8 (5.5-9.5)c, n = 12

BUN (mg/dL)b 22.5 (19-27), n = 20 28.5 (24-42)c, n = 38 52 (38.5-64.5)c,d, n = 23 106.5 (77.8-130.3)c,d,e, n = 12

Creatinine (mg/dL)b 1.4 (1.3-1.5), n = 20 2.2 (2-2.5)c, n = 38 3.7 (3.3-4.1)c,d, n = 23 6.45 (5.2-7.9)c,d,e, n = 12

HCT (%)b 41 (37.5-48.5), n = 4 36.2 (30.6-42.3)c, n = 30 27.2 (23.2-33.5)c,d, n = 19 24.8 (21.3-28.4)c,d, n = 12

Hemoglobin (g/L)b 15.9 (12-17), n = 4 12.2 (10.7-14), n = 30 10.3 (9-11.6)c,d, n = 19 8.7 (6.3-10)c,d,e, n = 12

WBC (/μL)b 6735 (5812.5-8542.5), n = 4 8165 (6400-10 600), n = 30 6600 (5550-13 285), n = 19 12 325 (7400-27 330), n = 12

Albumin (g/dL)b 4 (3.3-4), n = 20 3.4 (3-3.7)c, n = 34 3.3 (3.1-3.5)c, n = 22 3 (2.9-3.3)c, n = 11

Ionized calcium (mmol/L)b 1.19 (1.16-1.23), n = 6 1.27 (1.21-1.32)c, n = 14 1.26 (1.2-1.3)c, n = 17 1.25 (1.15-1.29)c, n = 10

Total calcium (mg/dL)b 9.7 (9.2-10), n = 20 9.9 (9.8-10.9), n = 20 10.2 (8.9-11.2), n = 9 9.4 (7.9-10), n = 6

Phosphate (mg/dL)b 4 (4-4.9), n = 20 4 (3.8-5.2), n = 38 4.9 (4.1-7)c,d, n = 23 8 (7.1-12)c,d,e, n = 12

tCa × P (mg2/dL2)b 42.2 (35.6-46.5), n = 20 37.3 (32.7-46.6), n = 18 69.4 (49.6-101.2)c,d, n = 9 69.3 (52.9-141)c,d, n = 5

Sodium (mEq/L)b 154.5 (152-155.8), n = 20 153.9 (152-155.83), n = 38 155.1 (153-157), n = 23 155.2 (153.3-159.8), n = 12

Potassium (mEq/L)b 4 (3.85-4.65), n = 20 3.9 (3.5-4), n = 38 4 (3.6-4.5), n = 23 4 (5.5), n = 12

Chloride (mEq/L)b 119.5 (116.3-122.8), n = 20 118 (115.7-119.3), n = 38 118 (114-121), n = 23 120.6 (116.1-128), n = 12

AST (U/L)b 22.5 (18.5-30.8), n = 18 34 (21-59), n = 23 33.5 (21.8-38.3), n = 14 26 (20.8-52.5), n = 8

ALT (U/L)b 54.5 (44-74.8), n = 20 54 (42-114.8), n = 26 69 (34-81), n = 15 44 (34.5-86), n = 9

ALP (U/L)b 42 (31.3-46.3), n = 20 39 (34.5-55), n = 25 32 (27-48), n = 15 27 (19.5-53), n = 9

UPCb 0.00 (0-0.02), n = 18 0.1 (0-0.9)c, n = 21 0.5 (0.167-0.8)c, n = 8 0.73 (0.4-1.7)c, n = 6

FGF-23 (pg/mL)b 121.05 (71.85), n = 20 163.05 (126.93), n = 38 270.8 (167.5)c,d, n = 23 728.25 (793.48)c,d,e, n = 12

IS (mg/L)b 1.67 (1-2), n = 20 2.91 (2-4.8)c, n = 38 5.8 (3.1-10)c,d, n = 23 25.7 (21-30)c,d,e, n = 12

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CKD, chronic kidney
disease; FGF-23, fibroblast growth factor-23; HCT, hematocrit; IS, indoxyl sulfate; tCa × P, calcium-phosphate product; UPC, urine protein-to-creatinine
ratio; WBC, white blood cell.
a Chi-square test: represented as percentage (%).
b Kruskal-Wallis test: represented as the median (interquartile range).
c Achieved significance with control group.
d Achieved significance with stage 2 group.
e Achieved significance with stage 3 group.
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well as UPC and FGF-23, both were calculated. Only IS was correlated

with UPC (r of Spearman's correlation, 0.366; P = .05).

Figure 1 shows the ROC curve analysis for evaluation of the predic-

tive ability of IS, FGF-23, and a combination of both, for progression in

the CKD cats. The combined predictive values (P combination) of FGF-

23 and IS were calculated by multivariate logistic regression: log (odds

of progression) = 0.642 * IS + 0.006 * FGF-23. The following equa-

tion was derived: P combination = IS (mg/L) + (0.006/0.642) * FGF-23

(pg/mL). The area under ROC (AUC) values for the combination score,

IS, and FGF-23 to predict progression were 0.921, 0.850, and 0.806,

respectively. The optimal cutoff for the combination was 5.02, with a

sensitivity of 96.3% and specificity of 73.5% (P < .001); the optimal

cutoff for IS was 3.41 mg/L, with a sensitivity of 92.6% and specificity

of 76.5% (P < .001); and the optimal cutoff for FGF-23 was 200 pg/mL,

with a sensitivity of 85.2% and specificity of 70.6% (P < .001). Based on

these cutoffs, the cats then were divided into a higher value group and a

lower value group. The cats with IS concentration >3.41 mg/L (P < .001)

and FGF-23 concentration >200 pg/mL (P < .001) both showed signifi-

cantly faster renal progression (Figure 2A,B).

4 | DISCUSSION

Although both IS and FGF-23 have been reported to be biomarkers for

the severity of CKD and to be predictors of progression, to the best of

our knowledge, ours is the first study to investigate the relationship in

cats with CKD between IS and FGF-23 and to evaluate them simulta-

neously along with other factors. Similar to other studies,4,14 IS and

FGF-23 increased with the severity of CKD and were able to act as pre-

dictors of CKD progression in cats. Interestingly, multivariate logistic

regression showed that IS and FGF-23 were independently associated

with CKD progression after adjustment for other reported progression-

related variables, such as HCT, Hgb, and phosphate.16 This result

confirms the importance of IS and FGF-23 having association with the

progression of CKD, and these findings are similar to previous studies

in human medicine6 and veterinary medicine.4,14 However, we also

used both of these factors to construct an equation that has a higher

AUC when predicting progression, and thus using the 2 factors

together is a more precise measure overall.

Similar to a previous study in humans with CKD,15 our results also

show that FGF-23 and IS not only show a significant correlation but

also have a significant linear relationship with each other. Noticeably,

after pooling together other variables that are believed to affect

FGF-23 concentration, such as serum creatinine and phosphate

TABLE 2 Simple and stepwise multiple linear regression analysis for fibroblast growth factor-23 (FGF-23) as a dependent variable

Simple regression analysis Stepwise multiple regression analysis

Variables Adjustment β t P* Adjustment β t p

Age 0.027 0.230 .82 – – –

SAP 0.134 0.884 .38 – – –

Hematocrit −0.386 3.499 .001 – – –

Hemoglobin −0.380 −3.154 .003 – – –

RBC −0.316 −2.557 .01 – – –

Albumin −0.339 −2.907 .005 – – –

BUN 0.449 4.232 <.001 – – –

Creatinine 0.399 3.672 <.001 – – –

Ionized calcium 0.020 0.153 .88 – – –

Phosphate 0.388 3.545 .001 – – –

tCa × Pi 0.331 1.921 .06 – – –

Sodium 0.247 2.150 .03 – – –

Potassium 0.104 0.879 .38 – – –

Chloride 0.300 2.653 .01 – – –

AST −0.150 −0.995 .32 – – –

ALT −0.121 −0.845 .40 – – –

ALP −0.250 −1.769 .08 – – –

USG 0.289 1.955 .06 – – –

UPC 0.237 1.403 .17 – – –

IS 0.466 4.432 <.001 0.466 2.169 .04

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; HCT, hematocrit;
IS, indoxyl sulfate; RBC, red blood cell; SAP, systolic arterial pressure; t, t statistic; tCa × P, calcium-phosphate product; UPC, urine protein-to-creatinine
ratio; USG, urine specific gravity; WBC, white blood cell.
*P < .05 as significant.

TABLE 3 Spearman correlation and partial correlation results among

indoxyl sulfate (IS), fibroblast growth factor-23 (FGF-23), and
phosphate

Variables

Spearman
correlation analysis

Partial correlation
analysis

P r P Partial r

FGF-23 and phosphate .008 0.310 .14 0.175

Phosphate and IS <.001 0.530 <.001 0.462

FGF-23 and IS <.001 0.480 .005 0.326
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concentrations, IS was the only variable that cannot be removed with

the stepwise procedures and has significant correspondence with

FGF-23. Furthermore, both plasma IS and FGF-23 concentrations are

significantly correlated with serum phosphate concentration. Fibro-

blast growth factor-23 has been shown to increase in parallel to serum

phosphate concentration in humans9 with CKD and cats12 with CKD.

Hyperphosphatemia is thought to be the physiological stimulus for

FGF-23 secretion and the increase in FGF-23 is a response that is

aimed at correcting the abnormal serum phosphate concentration; it

does so by suppressing renal tubule sodium-dependent phosphate

transporter expression and inhibiting the production of calcitriol.17

In our study, surprisingly, IS showed a higher correlation with

phosphate than FGF-23 did. Additionally, when IS was controlled for,

the significant correlation between FGF-23 and phosphate became

insignificant. In contrast, IS and phosphate do maintain a significant

correlation when FGF-23 is controlled for. A recent study indicated

that IS is a potential factor in the induction of secondary renal hyper-

parathyroidism via oxidative stress and impairment of osteoblast

TABLE 4 Clinical characteristics and baseline biochemical parameters of all feline chronic kidney disease (CKD) patients, divided into the

progression group and non-progression group

Variables Progression Non-progression P

Sex (male %)a 60.6, n = 33 45, n = 40 .18

Age (year)b 11 (8-15), n = 33 8 (5-15), n = 40 .09

SAP (mmHg)b 162.5 (146-182), n = 21 150 (140-170), n = 24 .333

BUN (mg/dL)b 58 (38.5-74.5), n = 33 35 (25.3-51.3), n = 40 .001

Creatinine (mg/dL)b 3.3 (2.3-4.7), n = 33 2.6 (2-3.7), n = 40 .19

HCT (%)b 30 (25.6-33.5), n = 33 34.5 (25.4-41.4), n = 39 <.001

Hemoglobin (g/L)b 10.1 (9.1-11.9), n = 29 12.6 (9.2-14), n = 32 .06

WBC (103/μL)b 6700 (5850-13 130), n = 29 9510 (5755-24070), n = 32 .05

Albumin (g/dL)b 3.4 (3-3.7), n = 29 3.3 (3-3.5), n = 38 .06

Ionized calcium (mmol/L)b 1.20 (1.19-1.25), n = 17 1.27 (1.25-1.3), n = 20 .41

Total calcium (mg/dL)b 10.8 (10.1-11.8), n = 14 10.2 (9.3-11), n = 21 .19

Phosphate (mg/dL)b 5.9 (4.4-7), n = 33 4.1 (3.6-7), n = 40 .01

tCa × P (mg2/dL2)b 60.4 (48.3-80.3), n = 12 45.9 (36.2-66), n = 20 .002

Sodium (mEq/L)b 156.5 (152.8-160.9), n = 33 153.8 (152-155.6), n = 40 .19

Potassium (mEq/L)b 4 (3.7-4.4), n = 33 3.92 (3.4-4), n = 40 .67

Chloride (mEq/L)b 119.3 (116.4-125), n = 33 118 (115.5-120.5), n = 40 .27

AST (U/L)b 36 (22-62.3), n = 20 27 (20-45), n = 25 .42

ALT (U/L)b 73 (50-106.5), n = 21 45 (35-85.5), n = 29 .15

ALP (U/L)b 30 (25.5-56.7), n = 21 37 (26.5-54), n = 28 .95

UPCb 0.735 (0.54-1.88), n = 10 0.1 (0.1-0.7), n = 25 .02

FGF-23 (pg/mL)b 245 (201.5-491.5), n = 33 165 (121.5-255.4), n = 40 <.001

IS (mg/L)b 9.89 (4.2-25.4), n = 33 2.83 (2.1-5.4), n = 40 <.001

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; FGF-23, fibroblast
growth factor-23; HCT, hematocrit; IS, indoxyl sulfate; SAP systolic arterial pressure; tCa × P, calcium-phosphate product; UPC, urine protein-to-creatinine
ratio; WBC, white blood cell.
a Chi-square test: represented as percentage (%).
b Mann-Whitney test: represented as the median (interquartile range).

TABLE 5 Creatinine, phosphate, indoxyl sulfate (IS), and fibroblast growth factor-23 (FGF-23) concentrations of chronic kidney disease (CKD)

cats with different stage in the progression group and non-progression group

IRIS stage Progression group (n = 27) Non-progression group (n = 34) Pa

Creatinine (mg/dL) 2 2.25 (1.8-2.6), n = 14 2.1 (2-2.5), n = 24 .86

3 4 (3.5-4.1), n = 13 3.5 (3.3-3.8), n = 10 .29

Phosphate (mg/dL) 2 5.1 (3.9-5.9), n = 14 4 (3.6-4.4), n = 24 .04*

3 6.6 (4.5-9.1), n = 13 4.55 (4-5), n = 10 .09

IS (mg/L) 2 5.12 (3.74-7.47), n = 14 2.24 (1.63-2.86), n = 24 <.001*

3 8.42 (5.45-15.12), n = 13 3.73 (2.82-5.87), n = 10 .008*

FGF-23 (pg/mL) 2 247.3 (205.8-292.9), n = 14 128.7 (113.5-166.9), n = 24 .001*

3 354 (246.9-510.2), n = 13 229.95 (133.7-281.8), n = 10 .03*

Abbreviation: IRIS, International Renal Interest Society.
a Mann-Whitney test: represented as the median (interquartile range).
*Significant difference between progression group and non-progression group (P < .05).
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function.7 Osteocytes and osteoblasts are the primary sources of

FGF-23 synthesis and secretion.8 Moreover, 1 study also has deter-

mined that administration of IS to rats with CKD decreases renal

expression of klotho, a cofactor in FGF-23 receptor interactions that

enhances its phosphate-lowering function.18 These findings imply that

IS may have a deleterious effect on mineral metabolism, which occurs

via a disturbance of the phosphate-lowing function of FGF-23. Fur-

thermore, our results also suggest that IS in cats with CKD also may

be a potential factor affecting FGF-23 concentrations and be involved

in phosphate metabolism. However, the cross talk among IS, FGF-23,

and phosphate warrants further study.

In our study, the IS was significantly correlated with UPC, but the

predictive power of both IS and FGF-23 regarding CKD progression was

decreased to insignificant by adjusting for UPC. Similarly, proteinuria,

as an important risk factor, also has been reported to be associated with

CKD progression in cats.16 It is well known that IS leads to glomerular

sclerosis through oxidative stress18 and can injure the glomerular

podocytes,19 which then results in defects in the glomerular filtration

barrier. Eventually, excessive filtering of protein may overload the proxi-

mal tubular cells. Additionally, IS might cause damage to renal tubular

cells1 and lead to decreased reabsorption of albumin and finally to

increased proteinuria. Consequently, this proteinuria might further dam-

age tubular cells resulting in the accumulation of IS. In combination, the

detrimental effects of both proteinuria and IS on renal tubules might be

the reason why the predictive power of IS was affected by UPC. How-

ever, although the current design prevented us from evaluating these

speculations, further studies are warranted. Higher concentrations of

FGF-23 have been reported to be related to proteinuria in humans with

CKD.20 Oxidative stress was related to deficient expression of klotho

and eventually will cause both FGF-23 resistance21 and proteinuria.22

TABLE 7 Multivariate logistic regression analysis for the various different variables associated with renal progression in cats

IS FGF-23

Models Odds ratio 95% CI P Odds ratio 95% CI P

Unadjusted 2.176 1.409-3.361 <.001* 1.009 1.003-1.015 .002*

Model 1 2.590 1.509-4.444 <.001* 1.009 1.003-1.015 .004*

Model 2 2.147 0.864-1.207 .001* 1.008 1.002-1.014 .005*

Model 3 3.455 1.046-11.405 .04* 1.038 0.999-1.079 .05

Model 4 1.713 0.962-3.050 .07 1.006 0.999-1.014 .09

Model 5 2.203 1.245-3.896 .007* 1.010 1.003-1.017 .006*

Model 6a 1.901 1.228-2.942 .004* – – –

Model 6b – – – 1.006 1.000-1.012 .05*

Model 7a 3.81 1.404-10.33 .009* – – –

Model 7b 1.011 0.998-1.023 .11

Model 1 was adjusted for International Renal Interest Society (IRIS) stage; Model 2 was adjusted for age and gender; Model 3 was adjusted for tCa × P,
calcium-phosphate product (tCa × P); Model 4 was adjusted for urine protein-to-creatinine (UPC); Model 5 was adjusted for systolic arterial pressure
(SAP); Model 6a was adjusted for fibroblast growth factor-23 (FGF-23); Model 6b was adjusted for indoxyl sulfate (IS); Model 7a was adjusted for blood
urea nitrogen (BUN), creatinine, hematocrit, hemoglobin, albumin, phosphate, and FGF-23. Model 7b was adjusted for BUN, creatinine, hematocrit, hemo-
globin, albumin, phosphate, and IS.
*Significant correlation with CKD progression (P < .05).

TABLE 6 Univariate logistic regression analysis for the various

different variables associated with chronic kidney disease (CKD)
progression in cats

Variables OR 95% CI for OR P

IRIS stage (1 stage) 0.449 0.156-1.289 .14

Age (year) 1.131 1.004-1.274 .04*

BUN (mg/dL) 1.072 1.029-1.116 .001*

Creatinine (mg/dL) 1.653 0.908-3.010 .1

Hematocrit (%) 0.871 0.802-0.946 .001*

Hemoglobin (g/L) 0.764 0.576-0.995 .05*

Albumin (g/dL) 0.201 0.048-0.839 .03*

Phosphate (mg/dL) 1.874 1.167-3.010 .009*

tCa × P (mg2/dL2) 1.090 1.017-1.169 .01*

UPC 3.781 1.124-12.715 .03*

FGF-23 (pg/mL) 1.009 1.003-1.015 .002*

IS (mg/L) 2.176 1.409-3.361 <.001*

Abbreviations: BUN, blood urea nitrogen; CI, confidence interval; FGF-23,
fibroblast growth factor-23; IRIS, International Renal Interest Society;
IS, indoxyl sulfate; OR, odds ratio; tCa × P, calcium-phosphate product;
UPC, urine protein-to-creatinine ratio.
*Significant correlation with CKD progression (P < .05).

FIGURE 1 Receiver operator characteristic (ROC) curve of indoxyl

sulfate (IS), fibroblast growth factor-23 (FGF-23), and combination of
both (IS + (0.006/0.642) × FGF-23) to predict renal progression in
cats with chronic kidney disease (CKD). Area under ROC (AUC):
combination (0.921) > IS (0.850) > FGF-23 (0.806)
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Therefore, the similar effects of proteinuria and increased FGF-23 con-

centrations on renal tubules might be the reason that UPC is able to

affect the predictive power of FGF-23. However, FGF-23 was not sig-

nificantly correlated with UPC in our study (data not shown), and fur-

ther investigations are needed to explore this issue.

In our study, the FGF-23 concentrations of late stage cats were

different from those obtained in previous studies.12,14 The ELISA kit

we used was designed for the detection of feline intact FGF-23

(Supporting Information S1), and it was different from the previously

reported kit, which was designed to detect human FGF-23. Although

this kit was used successfully for studies in cats, whether the response

level (cross reactivity) was similar for human and for feline samples

remains to be confirmed by the manufacturer. One possible explana-

tion for the difference in the response level is the sample dilution

effect (in which after the response goes beyond the linear range of

the assay, the sample must be further diluted) and might start to

exhibit a disproportionate increase in response.23 In addition, our

study focused on the difference between the progression and non-

progression groups, in which some data came from younger and less

severe CKD cats that could have brought the median FGF-23 concen-

tration lower and mostly within the assay, linear range. We believe

that both sets of data are legitimate and stand on their own, given the

fact that different validated ELISAs were employed. However, further

studies are warranted in the future to decipher whether different

ELISA kits show differences in specificity and response intensity in dif-

ferent animal species.

Our study had some limitations. First, because FGF-23 and IS

results were derived from previously banked plasma samples, not all

of the blood and urine variables could be obtained for all cases. Sec-

ond, although there was no statistically significant difference, CKD

stage 4 cats seemed to be younger than CKD stage 2 and 3 cats,

which may be considered controversial, given that age can be a factor

leading to a later stage of CKD.24 Although the sample size, especially

the CKD stage 4 cats, was small and may not be representative of the

larger feline population, it is possible that different kidney diseases

that may compromise renal function also coexisted in these cats.

Without biopsies and further examinations, the definite cause of CKD

cannot be ascertained and might limit the application of our results to

other types of kidney disease. Third, the expression of klotho, the

cofactor of FGF-23, was not evaluated at the same time, which limits

our ability to explain the mechanism of the interaction between IS

and FGF-23. Fourth, serial measurements were not available for com-

parison of the continued change of these uremic toxins in CKD pro-

gression. Sixth, because the duration of follow-up was not fixed, the

calculation of progression days might not be precise. Therefore, fur-

ther studies are required to answer these questions.

5 | CONCLUSIONS

In conclusion, IS is independently correlated with FGF-23, suggesting

that IS may be an important factor in the regulation of mineral metab-

olism of cats with CKD. Not only FGF-23, but also IS play important

roles in phosphate metabolism, and they are independent factors in

relation to renal function. Thus, they should be considered simulta-

neously when examining phosphate control and mineral metabolism

in cats. Both IS and FGF-23 appear to be promising renal biomarkers

for the early detection of progression in cats with CKD.
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