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Introduction: Hypoxia-inducible factors (HIF) regulate gene transcription,
which aids hypoxia adaptation while promoting renal fibrosis. Non-transferrin-
bound iron (NTBI) is a catalytic form of iron that can lead to oxidative damage.
However, NTBI in cat biofluids has rarely been evaluated.

Aims: We assessed cat plasma and urine HIF-1a (pHIF-1a/uHIF-1a) concentrations
and urine NTBI (UNTBI) concentrations to investigate their relationship with
chronic kidney disease (CKD) severity.

Methods: pHIF-1adand uHIF-1la concentrations were measured using commercial
ELISA kits, while uNTBI concentrations were detected by inductively coupled
plasma mass spectrometry.

Results: Healthy cats (n = 35) and cats with CKD (n = 84) formed the study
cohorts. pHIF-1la concentrations increased from 9.48 pg./mL (median) in
the healthy cohort to 1142 pg./mL in early-stage CKD cats but decreased to
8.50 pg./mLin late-stage CKD cats. uHIF-1a concentrations gradually decreased
with a significant difference between the control group (44.61 pg./mL) and
the late-stage CKD group (36.79 pg./mL, p < 0.001). Cats with proteinuria had
significantly higher uNTBI concentrations (35.61 ppb) than non-proteinuric cats
(25.13 ppb, p = 0.019). Finally, the concentrations of pHIF-1a and uHIF-1a were
positively correlated independent of renal function.

Conclusion and clinical importance: Overall, pHIF-la and uHIF-1a
concentrations are lower in advanced CKD cats, while uNTBI concentrations
are significantly higher in proteinuric cats.
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1 Introduction

Kidneys require large amounts of oxygen to maintain various
essential functions that are necessary for survival (1). During hypoxia,
kidneys must adapt to a low oxygen level while still maintaining these
vital functions (1). Hypoxia-inducible factor (HIF), a transcription
factor regulating the expression of many genes, including
erythropoietin (EPO), is crucial to the kidneys defense against
hypoxia (1). However, although HIF can stimulate the expression of
genes that help renal cells adapt to hypoxia, it is also associated with
fibrosis and the progression of nephropathy (1). Studies have also
demonstrated a positive correlation between urine HIF concentrations
and chronic kidney disease (CKD) severity in humans (2, 3).
Nonetheless, experimental research has revealed that the level of HIF
in renal tissue does not affect the development of kidney fibrosis (4).
These results mean that the role of HIF in CKD progression remains
controversial. In cats, renal tissue HIF expression is significantly
elevated during CKD (5) and is positively correlated with the cat’s
fibrosis status (6). Nevertheless, research on HIF concentrations in
biofluids from CKD cats is lacking.

Iron is an essential substrate and is involved in several physical
mechanisms including oxygen transport, especially when cells have a
high metabolic demand, for example, renal cells (7). In CKD,
impaired renal function leads to an increased loss of iron and
decreased EPO production; this subsequently leads to decreased
levels of systemic iron and EPO, which ultimately results in iron
deficiency and anemia (7). As a result, iron administration is usually
prescribed in such circumstances (8). However, this treatment may
also elevate the risk of iron-induced kidney injury, which will occur
in the absence of a body excretion process for an iron overload (9).
Non-transferrin-bound iron (NTBI), a catalytic form of iron that has
been linked to oxidative damage, is detectable when iron overload is
present (7). Several studies have investigated serum NTBI
concentrations in patients under chelation therapy or having been
prescribed iron supplementation (10) as well as in dialysis patients
(11, 12). Our team has previously measured the presence of increased
serum NTBI concentrations in CKD cats (in press). While urine
NTBI concentrations are known to be elevated during iron overload
and in the presence of impaired renal function in humans (7, 9),
nevertheless similar research is not available in the veterinary
medicine literature.

The contribution of HIF to iron homeostasis has been
demonstrated (13). The activation of HIF is thought to regulate several
iron-handling proteins and EPO, and this can then result in enhanced
iron utilization and erythropoiesis (13). Taking this into account, HIF
stabilizers have been identified as a new treatment for CKD anemia
(14). Human studies have demonstrated an improvement in anemia
together with better iron utilization when CKD patients receive HIF
stabilizers (15, 16); unfortunately, NTBI concentrations were not
evaluated in these previous studies. Thus, in veterinary medicine,
although HIF stabilizers might be beneficial to cats with CKD when
they are assessed by a change in a cat’s hematocrit (17), investigations
targeting N'TBI concentrations have remained notably absent. In
addition, due to a lack of knowledge on HIF concentrations at the
different stages of CKD, there is a need for further research in these
areas to determine whether the administration of HIF stabilizers does
elevate HIF concentrations in CKD cats, which could potentially cause
adverse effect on the kidneys.
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The present study aims to assess HIF-la and NTBI
concentrations in the biofluids of CKD cats. The objectives are as
follows: (1) to evaluate the concentrations of HIF-1a in the plasma
and urine (pHIF-la/uHIF-1a), as well as the concentrations of
NTBI in urine (uNTBI), using both healthy cats and cats with CKD;
(2) to investigate the correlations between the concentrations of
HIF-1a and NTBI in biofluids. In addition to the above direct
comparisons, a similar comparison targeting various clinical
variables was also carried out using the same feline cohorts; (3) to
elucidate  the pHIF-la  and
uHIF-1a concentrations.

relationship ~ between

2 Materials and methods

2.1 Animals

Cats attending the National Taiwan University Veterinary Hospital
(Taipei, Taiwan) for health assessment or CKD control were recruited
from December 2020 to August 2023.

Cats simultaneously satisfying the following standards were
classified into the control cohort: (1) age > 1 year old regardless of
gender and breed; (2) the lack of any concurrent disease and any
medical therapy other than parasitic prophylaxis using commercial
products; (3) the absence of a past history of any renal, neoplastic,
endocrine, neurological, or cardiovascular system disease; (4)
evidence available of their clinical and physical examination results,
appraised by a veterinarian, which were normal; (5) a normal cell
blood count (CBC) (Exigo, United States; ProCyte Dx, IDEXX,
United States) together with a full biochemistry, including albumin,
total protein, glucose, alkaline phosphatase (ALKP), alanine
aminotransferase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN, <35 mg/dL), plasma creatinine (< 2.0 mg/dL) (Vitros
350 Chemistry System, Ortho-Clinical Diagnostics, United States),
plasma symmetric dimethylarginine (SDMA,<14 pg/dL), total
thyroxine (Catalyst One, IDEXX, United States), sodium, potassium,
and chloride (cobas b 121, Roche Diagnostics Ltd., Taiwan); (6) the
presence of normal urinalysis, including urine specific gravity
(USG > 1.035), pH, dipstick, sediments, and urine protein-to-
creatinine ratio (UPC < 0.2, Catalyst One, IDEXX, United States); (7)
no abnormalities detectable by abdominal X-ray and ultrasonography.

Cats that met any one of the following criteria were selected to
form the CKD cohort: (1) persistent azotemia identified by a plasma
SDMA
concentration persistently >14 pg/dL on three occasions at least

creatinine concentration > 2.0 mg/dL, or a plasma
2 weeks apart, without prerenal and postrenal causes; (2) a USG
level < 1.035 with a plasma creatinine concentration > 2.0 mg/dL, or
the presence of persistent proteinuria as indicated by a UPC > 0.4 on
three occasions at least 2 weeks apart, in the absence of active
sediments; (3) abnormal image findings, such as the presence of renal
calculi, cysts, infarcts, or alteration in the size, shape, and echogenicity
of the kidneys. Subsequently, cats with CKD were then grouped based
on International Renal Interest Society (IRIS) staging.

Cats presenting with any one of the following conditions, namely
acute kidney injury (AKI), urinary tract infection (UTI), feline lower
urinary tract disease (FLUTD), neoplastic diseases, endocrine disease,
and those receiving iron supplements or EPO-stimulating agents,
were excluded.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1482998
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chen et al.

In the present study, anemia was defined as a hematocrit <25.0%.
Cats with systolic arterial blood pressure (SAP)> 160 mmHg
measured over 1 to 2 weeks were classified as hypertensive, while
proteinuria was present if UPC > 0.4 on three occasions at least
2 weeks apart in the absence of active sediments.

2.2 Sample collection and storage

Blood samples were collected from either the cephalic or inner
saphenous veins. The samples were transferred into plasma separation
tubes containing lithium heparin for plasma collection. The tubes
were then centrifuged at 12000 g for 45 s, and further centrifugation
was carried out based on the required separating conditions. The
plasma was stored at -80°C until further examination. Samples with
hemolysis were discarded.

Urine samples were harvested by either cystocentesis or free catch.
The samples were centrifuged at 1,500 g for 3 min, and the
supernatants were kept at —80°C until utilization.

2.3 Measurement of HIF-1a concentrations
by ELISA

The concentrations of pHIF-1a and uHIF-1o were assessed using
commercial enzyme-linked immunosorbent assay (ELISA) kits that
had been validated for cats (#¥MBS097218, MyBioSource,
United States). The reagents of the kits and the processed samples were
thawed to room temperature before use. The ELISA assays were
carried out as indicated by the manual. All the samples were tested in
duplicate. The validation data is provided in Supplementary Table S1.
Of note, measured concentrations of less than 6.25 pg./mL (the limit
of detection) are presented as 3.125 pg./mL.

2.4 Measurement of NTBI concentrations
by ICP-MS

Owing to the sensitivity needed for iron detection, the inductively
coupled plasma mass spectrometry (ICP-MS) method was chosen for
the biofluid NTBI concentration analysis. uNTBI concentrations were
detected by Agilent 7700e (Agilent Technologies, California,
United States) ICP-MS. The method for sample preparation was
modified from a previous study (18). A more comprehensive
description is given below, and the validation data is presented in
Supplementary Tables S2-S8 and Supplementary Figure S1.

2.5 Chemicals and reagents

ULTREX® Ultrapure grade concentrated nitric acid (67.0-
70.0% HNO;) was purchased from J.T. Baker Chemical Co.
(Pennsylvania, United States), while VWR Chemicals BDH®
Magnesium chloride hexahydrate 99.0-102.0% ACS was obtained
from VWR International (Pennsylvania, United States). Certipur®
ICP Standard solution of iron (1,000 ppm), Amicon® Ultra-0.5 mL
filters (30 kilodaltons, kDa), and Millex-GV syringe filter unit
(0.22 pm, PVDE 33 mm) were acquired from Merck KGaA
(Darmstadt, Germany). MetalFree® 15 mL/50 mL centrifuge tubes
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were procured from Labcon (California, United States). Analytical
grade reagents and high-purity 18.2 MegQ cm deionized water,
were obtained from Purity-SP (LotunTechnic, Taipei, Taiwan),
Disposable 200 pL/1,000 pL sterile racked filtered tips (SSIbio,
California, United States), and 60 pL/150 pL microcentrifuge tubes
(Eppendorf, Hamburg, Germany) were also used in the
experiments. Operators prepared all solutions in fume hoods with
powder-free gloves and masks. The glass pipette, volumetric flask,
and beakers were cleaned with an acid bath and by ultrasonic
cleaning, which was followed by rinsing with deionized water and
subsequent drying.

2.6 Instrumentation

The Agilent 7700e (Agilent Technologies, California,
United States) ICP-MS system was used for analysis. A KUBOTA
Model 5,922 (KUBOTA, Tokyo, Japan) universal refrigerated
centrifuge was employed to prepare the serum ultrafiltrates.

2.7 Stock solutions and calibration
standards

The 67.0-70.0% nitric acid was diluted with deionized water
to achieve a 2% nitric acid solution. Magnesium chloride
hexahydrate was dissolved in the 2% nitric acid to obtain the
dilution agent (0.0049 M MgCl, with 2% HNO;), and this was then
used in the subsequent procedures. The standard solution of iron
(1,000 ppm) was diluted with the dilution agent mentioned above
to obtain the stock solution of iron (100 ng/mL). The stock
solution was then diluted with the dilution agent to generate
calibration standards at various concentrations (from 5 to 50 ng/
mL). The stock solution and the calibration standards were kept at
4°C and renewed monthly.

2.8 Sample preparation using the
ultrafiltration method

Urine samples were frozen at -80°C and then thawed naturally
to room temperature before further processing. The magnesium
chloride hexahydrate was dissolved in the ultrapure water to
obtain a 0.05 M magnesium chloride solution. Next 400 pL of the
solution was combined with 100 pL of the urine sample in a clean
1.5 mL microcentrifuge tube and incubated at room temperature
for 20 min. An Amicon® filter was then filled with 400 pL of the
ultrapure water and centrifuged at 14,000 g for 10 min to rinse the
filter before use. Each sample, processed as described above, was
loaded into a rinsed Amicon® filter. Groups of filters were then
centrifuged at 14,000 g for 20 min to separate the free iron formed
as a chloride complex. Next, 2.85 mL of 2% nitric acid was added
to 15 mL metal-free centrifuge tubes, and 0.4 mL of each
centrifuged solution containing the free iron was then transferred
into these tubes. These processed samples were finally filtered
through Millex-GV filters into new 15 mL metal-free centrifuge
tubes and stored at 4°C until the subsequent ICP-MS analysis on
the next day.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1482998
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chen et al.

2.9 ICP-MS operating conditions

After considering the levels of the different elements and their
isotopes present in nature, Fe was selected for the NTBI
concentration detection. The operating conditions used for ICP-MS
analysis are summarized in Supplementary Table S9.

The ICP-MS was conducted as follows. In brief, the samples were
sucked by the peristaltic pump, aerosolized by the nebulizer with
argon gas, and then entered the spray chamber, which would filter out
large aerosol droplets. The samples were then desolvated, vaporized,
atomized, and ionized after leaving the spray chamber to reach the
high-temperature plasma. The iron ion beam then passed through the
interface region and was guided by the ion optics system to reach the
mass analyzer, which detected the signals of the ions and finally
converted them into the final concentrations by the external
calibration method. To ensure the integrity and reliability of the
system, meticulous pre-operational maintenance was conducted. Each
time, before operation, the cones were cleaned, and the instrumental
settings of ICP-MS were optimized using a tuning solution consisting
of 1 pg/L of Ce, Co, Li, Mg, Ti, and Y to establish system reliability.

2.10 Statistical analysis

Data was analyzed using R 4.3.3 with RStudio 2023.12.1 + 402 for
macOS. Due to the limited sample size of the study cohorts, it was
challenging to achieve a normal distribution for the continuous data.
Thus, the distribution of the continuous variables is presented as
medians and interquartile ranges (IQRs). Fisher’s exact test or the
Chi-Square test was conducted to assess whether the categorical
variables show statistical significance among groups, while the Mann
Whitney U test or the Kruskal-Wallis test, with the Bonferroni test as
the post-hoc analysis, was used for the continuous variables. Correlations
between continuous variables were evaluated using Spearman’s rank test
followed by partial correlation to allow further investigation. Likewise,
simple linear regression as well as further assessment by multiple linear
regression were also conducted. p-value <0.05 is significant.

3 Results
3.1 Animals

A total of 119 cats were enrolled in the study, with 35 healthy cats
in the healthy cohort and 84 cats with CKD in the CKD cohort. Among
the cats with CKD, 8 were stage 1, 44 were stage 2, 28 were stage 3, and
4 were stage 4. To enhance the statistical analysis, cats in the CKD stage
1 and 2 groups were combined into the early-stage CKD group (n = 52),
while the CKD stage 3 and 4 groups were combined into the late-stage
CKD group (n = 32). Furthermore, 15 CKD cats showed anemia, 13
had hypertension, and 19 suffered from proteinuria. The median age of
the 119 cats was 7.0 years (IQRs: 3.3-12.5 years). Most cats were
castrated males (n = 59) and spayed females (n = 52). Furthermore, the
domestic short hair (n = 88) was the predominant breed, followed by
the American short hair (n = 6), the British short hair (n = 4), the Exotic
short hair (n = 4), the Ragdoll (n = 4), the Bengal (n = 2), the Chinchilla
(n = 2), the Persian (n = 2), the Russian blue (n = 2), the Scottish fold
(n = 2), and one each of the British long hair, the Munchkin, and the
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Siamese. Table 1 presents the demographic and clinicopathological data
of cats that formed the two cohorts in the present study.

3.2 pHIF-1a concentrations

Among the 119 cats, 36 cats (including 11 in the healthy cohort,
2 in the stage 1 group, 12 in the stage 2 group, 10 in the stage 3 group,
and 1 in the stage 4 group) had pHIF-1a concentrations of less than
6.25 pg./mL. Overall, pHIF-1a concentrations (median [IQRs]) were
numerically higher in the healthy cohort (9.48 [3.13, 11.09] pg./ml)
than in early-stage CKD cats (11.42 [3.13, 14.29] pg./ml), but pHIF-1a
concentrations then decreased when the cats progressed to late-stage
CKD (8.50 [3.13,10.35] pg./ml). Specifically, cats with stage 1 CKD had
the highest pHIF-1a concentrations among all the groups (Figure 1).

3.3 uHIF-1o0 concentrations

In contrast, the concentrations of uHIF-1a in cats with early-stage
CKD (39.90 [35.14, 46.38] pg./ml) were numerically lower than the
concentrations of the healthy cohort (44.61 [39.54, 48.18] pg./ml) and
the concentrations then became even lower when the cats progressed
to late-stage CKD (36.79 [31.07, 43.13] pg./ml). Moreover, a significant
difference was present between the control and late-stage CKD groups
(p <0.001) (Figure 2A).

3.4 uNTBI concentrations

On the other hand, uNTBI concentrations progressively increased
in CKD cats as compared to the control cats. Among the various
groupings, the control cohort (24.84 [18.37, 31.15] ppb) had the lowest
uNTBI concentrations, and the concentrations then increased for the
early-stage CKD group (25.27 [17.78, 32.47] ppb) and then increased
again for the late-stage CKD group (28.75 [24.20, 37.37] ppb). Despite
there being no significant difference in these concentrations, the
variation in uNTBI concentrations does represent an elevated trend
as CKD severity increases (Figure 2B).

3.5 Spearman and partial correlation

Analysis of the Spearman’s rank test demonstrated a significantly
positive correlation of pHIF-la concentrations with uHIF-1a
concentrations (rho = 0.54, p < 0.001) and with systolic arterial blood
pressure (tho = 0.26, p = 0.032) (Table 2). Furthermore, a significant
correlation between pHIF-1a and uHIF-1a concentrations remained
after the data underwent the partial correlation test, taking plasma
creatinine (rho = 0.48, p < 0.001) and urine creatinine (rho = 0.46,
p <0.001) as confounders.
pHIF-1ot uHIF-1a
concentrations exhibited correlations with a broader range of clinical

Compared to concentrations, the
variables (Table 2). uHIF-la concentrations showed significant
negative correlations with BUN (rho = —0.29, p = 0.001), with plasma
creatinine (rho = —0.31, p < 0.001), with plasma SDMA (rho = —0.31,
p =0.002), and with UPC (rho = —0.28, p = 0.002). On the other hand,
the correlations with hemoglobin (rho =0.22, p=0.021), with
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TABLE 1 The demographic and clinicopathologic data of cats in the present study.

Variable Early CKD Late CKD

Demographic data

Age (year) 6.00 (2.50, 8.00) 35 6.00 (2.00, 11.25) 52 12.50 (7.75, 16.25)"8 32 <0.001
Female 20 (57.1) 35 21 (40.4) 52 14 (43.8) 32 0.329

Neutered 34(97.1) 35 48 (92.3) 52 29 (90.6) 32 0.811

Domestic short hair breed 27(77.1) 35 38(73.1) 52 23 (71.9) 32 0.910

Body weight (kg) 5.04 (4.66, 5.56) 35 4.44 (3.83,5.39) 52 4.55 (3.56, 5.09)* 32 0.034
Body condition score (/9) 6.0 (5.0,7.0) 35 5.0 (5.0, 6.0)* 52 5.0 (4.0, 6.0)* 32 0.001

SAP (mmHg) 147.0 (126.0, 159.5) 18 136.0 (120.5, 147.0) 27 149.0 (135.0, 154.0) 23 0.244

Antihypertensive drugs 0(0) 35 4(7.7) 52 7(21.9) 32 <0.001
Phosphorous binders 0(0) 35 2(3.8) 52 14 (43.8) 32 <0.001
Renal prescription diet 0(0) 35 8 (15.4) 52 20 (62.5) 32 <0.001
CKD complications

Anemia 0(0) 35 5(9.6) 52 10 (31.2) 32 <0.001
Hypertension 0(0) 35 5(9.6) 52 8(25) 32 0.006
Proteinuria 0 (0) 35 9(17.3) 52 10 (31.2) 32 <0.001
Complete blood count

Hemoglobin (g/dL) 14.80 (13.60, 15.55) 35 13.70 (12.30, 15.57) 50 12.15 (9.75, 13.68)*® 28 <0.001
Hematocrit (%) 43.90 (40.15, 46.75) 35 40.65 (36.60, 45.92) 50 36.05 (28.77, 40.27)% 28 <0.001
RBC (10°/uL) 9.03 (8.50, 9.86) 35 8.62(7.57,9.97) 50 8.02 (6.06, 8.67)* 28 0.004

WBC (10°/L) 7,700 (6,950, 8,850) 35 7,750 (6,100, 10,275) 50 9,000 (6,425, 10,850) 28 0.468

Biochemistry

Plasma SDMA (ug/dL) 7.0 (4.0, 10.0) 35 11.0 (8.0, 19.0)* 45 22.0 (15.0, 25.0)*® 23 <0.001
BUN (mg/dL) 21.0 (19.5, 23.0) 35 27.0 (21.0,31.0)* 52 40.5 (36.8, 50.5)"® 32 <0.001
Plasma creatinine (mg/dL) 1.70 (1.40, 1.85) 35 2.00 (1.70, 2.50)* 52 3.50 (3.20, 4.03)*® 32 <0.001
Na (mmol/L) 155.2 (153.9, 156.3) 35 155.3 (153.3, 156.7) 49 154.8 (153.1, 156.8) 30 0.873

K (mmol/L) 3.73 (3.39, 4.06) 35 3.82 (3.55, 4.07) 49 4.23 (3.98, 4.53)AF 30 <0.001
Cl (mmol/L) 116.4 (114.7,117.7) 35 116.3 (114.4, 117.7) 49 117.2 (115.5, 118.2) 30 0.461

Urinalysis

UsSG 1.049 (1.044, 1.053) 35 1.024 (1.013, 1.042)* 52 1.012 (1.010, 1.012)*® 32 <0.001
pH 6.34 (6.05, 6.70) 35 6.03 (5.85, 6.59) 52 5.66 (5.43, 6.32)*F 32 <0.001
UPC 0.02 (0.01, 0.04) 35 0.06 (0.02, 0.16)* 52 0.15 (0.07, 0.55)*® 32 <0.001
Urine creatinine (mg/dL) 444.6 (348.0, 493.9) 35 169.0 (113.2, 328.2) 52 108.0 (85.8, 123.5) 32 <0.001

Clinical data of significance, physical examination results, CBC, biochemistry, and urinalysis are presented in the table. Fisher’s exact test and Kruskal-Wallis test with the Bonferroni test as the
post-hoc correction was used. Categorial and continuous data were demonstrated as number (%) and median (IQRs), respectively. SAP, systolic arterial blood pressure; RBC, red blood cells
count; WBC, white blood cells count; BUN, blood urea nitrogen; SDMA, symmetric dimethylarginine; USG, urine specific gravity; UPC, urine protein-to-creatinine ratio. Early CKD: IRIS

stage 1 and 2 CKD. Late CKD: IRIS stage 3 and 4 CKD. Antihypertensive drugs: including angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and calcium channel

blockers. Phosphorous binders: including lanthanum carbonate, ferric citrate, and sucralfate. p-value < 0.05 is significant; the significant p-values are marked in bold. *Achieved significance

against the control group. "PAchieved significance against the early CKD group.

hematocrit (rho=0.24, p=0.009), and with USG (rho=0.38,
p<0.001) were significantly positive. In terms of uNTBI
concentrations, a significant positive correlation was only noticed
when linked to UPC (rho = 0.19, p = 0.038) (Table 2).

3.6 Simple and multiple linear regression

Using linear regression, the pHIF-1a concentrations increased
significantly in parallel with the elevation of uHIF-1a concentrations
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or with red blood cell counts (RBCs). As a further evaluation, variables
with p-values less than 0.05 were investigated using stepwise
regression. Finally, uHIF-1a concentrations and RBCs remained
significantly correlated with pHIF-la concentrations even after
adjustment using multiple regression analysis (Table 3). Various other
variables demonstrated significant correlations with uHIF-1a
concentrations. Specifically, in addition to pHIF-1a concentrations,
variables, including hemoglobin, hematocrit, and USG, showed
significant positive correlations. On the other hand, renal indices and
UPC revealed significant negative correlations. Subsequently, the
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Plasma HIF-1a concentrations were compared across control cats
and cats with IRIS CKD stages 1-4 using the Kruskal-Wallis test, with
the Bonferroni test for post-hoc analysis. No significant differences
were observed. Median pHIF-1a concentrations were highest in cats
with stage 1 CKD, showing an increase in early-stage CKD followed
by a decline as CKD severity progressed. pHIF-1a, plasma hypoxia-
inducible factor lao.

variables with significance were analyzed using stepwise regression
(BUN, plasma SDMA, and USG excepted); pHIF-1a concentrations,
hematocrit, and plasma creatinine remained significant (Table 3). As
for uN'TBI concentrations, RBCs was the sole variable that shared a
significant positive correlation when using the simple linear regression
model (Table 3).

3.7 Subgroup evaluation

We further evaluated whether these biomarkers are correlated
with significant differences between the various groups based on CKD
complications. Cats with proteinuria presented with significantly
higher uNTBI concentrations (35.61 [26.55, 38.39] ppb) than
non-proteinuric cats (25.13 [17.85, 32.54] ppb, p = 0.019) (Figure 3A).
Although the proteinuric cats had lower pHIF-la and uHIF-1a
concentrations, no significant differences were noted (Figures 3B,C).
Moreover, in cats suffering from anemia or hypertension, their
pHIF-1a, uHIF-1a, and uNTBI concentrations showed no significant
differences compared to the CKD cats without these complications
(data not shown).

4 Discussion

To our knowledge, this is the first study evaluating the
concentrations of HIF-1a in the biofluids of cats, and it also establishes
a method that successfully measures uNTBI concentrations in cats by
ICP-MS. Furthermore, a comparative analysis was conducted between
healthy control cats and cats with CKD for these markers. Human
studies have identified that urine HIF-1o primarily originates from
renal cells (3) and that urine NTBI is associated with impaired renal
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function (9). Our findings in the present study add to this by
contributing to a better understanding of feline CKD.

In the present study, although not statistically significant,
plasma HIF-la concentrations showed a trend of being higher
during the early stages of CKD (stages 1-2). However, these
concentrations then gradually declined as CKD advanced to its later
stages (stages 3-4) (Figure 1). In type 2 diabetes patients with
different urine albumin-to-creatinine ratios (UACR), serum HIF-1«x
concentrations were significantly elevated, along with significantly
increased concentrations of serum BUN and serum creatinine (19).
Furthermore, previously, significant positive correlations between
the serum concentrations of HIF-1a and BUN and between the
serum concentrations of HIF-1a and serum creatinine have been
found (19). Additionally, regarding HIF-1ae mRNA concentrations
in serum, significantly higher values have been noted in patients
with autosomal dominant polycystic kidney disease (20). Since
these patients were mostly classified as early-stage CKD (21), these
results might help to explain the elevated pHIF-1a concentrations
in our early-stage CKD cats. On the other hand, research has
revealed that indoxyl sulfate, a uremic toxin, is able to suppress
nuclear HIF-1a protein accumulation in HepG2 cells (22). Other
research using hypoxia conditions has shown that uremic
mesenchymal stem cells express less HIF-1a protein than control
cells in normal levels of oxygen (23). These results indicate that
uremia would seem to impair HIF-1a protein expression in various
cells and that this might be correlated with the progressive
reduction of pHIF-1la concentrations found in late-stage CKD cats
during the present study (Figure 1).

Cats in the present study presented with a reduction in uHIF-1a
concentrations as CKD progressed (Figure 2), and a significant
negative correlation between uHIF-1a and various renal indices was
noticed (Tables 2, 3). This is different from previous studies in
humans, where significantly higher concentrations of urine HIF-1a
protein were present in lupus nephritis patients (2); furthermore, there
were also significantly higher concentrations of urine HIF-1la mRNA
in CKD patients (3). Regarding feline studies, expression of the renal
HIF-1a gene has been shown to be significantly increased in cats with
naturally occurring CKD (5). However, lupus nephritis in humans is
a glomerular disease (24), and feline CKD is generally a
tubulointerstitial disease (25). This variation in the nature of the
pathogenesis might be the cause of the above departure between cats
and humans. Renal tissue volume is known to decline as CKD
advances (26). While the glomerular filtration barrier typically
restricts proteins larger than 40 kDa (27), and the HIF-1a protein has
a molecular weight of approximately 120 kDa (28), the presence of
HIF-1a in urine likely indicates renal dysfunction. This reduction in
uHIF-1a concentrations during feline CKD may reflect increased
HIF-1la accumulation in renal tissue as kidney damage advances.
Overall, uHIF-1a shows potential as a biomarker for assessing CKD
in cats.

It has been hypothesized that uNTBI concentrations would
be higher in CKD cats as their renal tubular function becomes
impaired. In line with this hypothesis, the present study revealed a rise
in uNTBI concentrations (Figure 2). This result is consistent with
previous studies on human patients with nephrotic syndrome and
tubulopathy (7). Thus, we suggest that a rise in uNTBI concentrations
can be used as a potential biomarker when investigating renal function
in CKD cats.
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UuHIF-1a and uNTBI concentrations in cats. (A) uHIF-1a concentrations significantly decreased in late CKD (IRIS stages 3—4) compared to controls
(p < 0.001), Kruskal-Wallis with Bonferroni post hoc. (B) uNTBI concentrations showed a nonsignificant increasing trend with CKD progression. uHIF-
1o, urinary hypoxia-inducible factor 1 a; uNTBI, urinary non-transferrin bound iron. Early CKD, IRIS stages 1-2; Late CKD, IRIS stages 3—-4.

TABLE 2 The Spearman'’s rank test of HIF-1ad and NTBI.

pHIF-1a uHIF-1a
P

pHIF-1a - - 0.54 <0.001 —0.06 0.498
uHIF-1a 0.54 <0.001 - - —-0.15 0.095
uNTBI —0.06 0.498 —-0.15 0.095 - -
age —0.02 0.860 —-0.15 0.096 0.09 0.356
SAP 0.26 0.032 —0.04 0.737 <0.01 0.968
Hemoglobin 0.16 0.094 0.22 0.021 —-0.10 0.298
Hematocrit 0.15 0.119 0.24 0.009 —0.11 0.262
RBC 0.08 0.407 0.12 0.198 0.01 0.903
BUN —0.06 0.526 -0.29 0.001 0.11 0.239
Plasma —0.08 0.379 —0.31 <0.001 0.17 0.071
creatinine
Plasma —0.02 0.849 —0.31 0.002 0.13 0.180
SDMA
K —0.09 0.354 —0.18 0.052 0.08 0.420
USG 0.14 0.140 0.38 <0.001 —-0.16 0.082
UPC —0.04 0.666 —0.28 0.002 0.19 0.038

The correlations between biomarkers of interest and other clinical data are presented in the
table. pHIF-1a, plasma HIF-1o; uHIF-1a, urine HIF-1o5 uNTBI, urine NTBI; SAP, systolic
arterial blood pressure; RBC, red blood cells count; BUN, blood urea nitrogen; SDMA,
symmetric dimethylarginine; USG, urine specific gravity; UPC, urine protein-to-creatinine
ratio. p-value < 0.05 is significant; the significant p-values are marked in bold.

The concentrations of pHIF-1a and uHIF-1a show a significant
positive correlation even after undergoing the partial correlation test
and adjusting for plasma creatinine or urine creatinine. Similarly,
serum and urine HIF-1lae mRNA concentrations moved in the same
direction as that occurring in nephropathy humans, despite
correlation tests not being conducted during this earlier research (20).
The result of the partial correlation test in our study shows that there
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is a correlation between pHIF-1a and uHIF-1o concentrations that is
independent of renal function. This might explain the inconsistent
variations in pHIF-la and uHIF-1a concentrations in our CKD
cohort across the various stages of the disease.

A renal biopsy study on human patients has proposed that renal
tubular iron deposition might play a detrimental role in CKD
progression (29). Although studies targeting the correlation between
biofluid NTBI concentrations and CKD progression are rare, iron-
induced kidney injury and the relationship between kidney injury and
increased urine iron concentrations should not be underestimated (7,
9). Elevated urine iron loss has been observed in CKD humans with
proteinuria (30-32). Consistent with this, in the present study,
proteinuria in cats was found to be related to a significant rise in
uNTBI concentrations. These findings seem to suggest a potential
relationship between urinary NTBI concentrations and CKD
progression, as proteinuria is recognized as a negative prognostic
factor (33). However, further investigation of iron dysregulation and
CKD prognosis is warranted.

Anemia is a common complication of CKD, and iron supplements
can serve as a treatment (8). Several studies have investigated the
relationship between N'TBI, iron supplements, and CKD. Serum NTBI
has been identified in 22% of human end-stage renal disease patients
treated with intravenous iron supplements for anemia (10). Other
research has demonstrated that nearly 20% of human dialysis patients
show significantly increased plasma N'TBI concentrations after 1 week
or more of iron administration (11). Therefore, cats that were receiving
iron supplementation were excluded from the present study. In
addition, studies related to the correlation between EPO-stimulating
agents and HIF-1a concentrations in biofluids are few. Since EPO is
the target gene of HIF (1), cats under related treatments were also
excluded to avoid any potential influence of external EPO on biofluids
HIF-1a concentrations.

Some limitations exist in the current study. Firstly, since cats with
iron supplements or EPO-stimulating agents were excluded from the
present research, the correlation between these therapies and biofluid
HIF-1o and NTBI concentrations in CKD cats remains undetermined.
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TABLE 3 The simple linear and stepwise regression results of HIF-1a and NTBI.

pHIF-1a uHIF-1a uNTBI
Stepwise Stepwise Stepwise

Coeff P Coeff p Coeff p Coeff P Coeff p Coeff p
pHIF-1a - - - - 0.63 <0.001 0.63 <0.001 —0.22 0.308 - -
uHIF-1a 0.37 <0.001 0.37 <0.001 - - - - —0.29 0.082 - -
uNTBI —0.04 0.308 - - —0.09 0.082 - - - - - -
Age —0.04 0.739 - - —0.28 0.063 - - 0.16 0.568 - -
SAP 0.05 0.201 - - —0.05 0.337 - - —0.05 0.604 - -
Hemoglobin 0.50 0.053 - - 0.85 0.010 —0.95 0.109 —0.17 0.780 - -
Hematocrit 0.05 0.575 - - 0.29 0.005 0.41 0.024 —0.33 0.086 - -
RBC 0.32 0.006 0.32 0.002 —0.01 0.939 - - 0.82 0.002 - -
BUN —0.03 0.346 - - —0.10 0.006 - - 0.05 0.459 - -
Plasma Creatinine —0.40 0.357 - - -1.90 <0.001 -1.33 0.021 1.33 0.196 - -
Plasma SDMA —0.07 0.294 - - —0.24 0.002 - - 0.15 0.243 - -
K —0.94 0.459 - - —2.87 0.078 - - 0.81 0.788 - -
USG 37.30 0.242 - - 176.27 <0.001 - - —105.90 0.158 - -
UPC —0.95 0.149 - - —1.88 0.027 <0.01 0.100 2.18 0.160 - -

Variables were analyzed using simple linear regression first. Those with p-values less than 0.05 (BUN, plasma SDMA, and USG excepted) were later selected and assessed using stepwise
regression. pHIF-1a, plasma HIF-1o; uHIF-1a, urine HIF-1a; uNTBI, urine NTBI; SAP, systolic arterial blood pressure; RBC, red blood cells count; BUN, blood urea nitrogen; SDMA,
symmetric dimethylarginine; USG, urine specific gravity; UPC, urine protein-to-creatinine ratio. p-value < 0.05 is significant; the significant p-values are marked in bold.
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FIGURE 3
pHIF-1a, uHIF-1a, and uNTBI concentrations in cats with and without proteinuria. (A) uNTBI concentrations were significantly higher in proteinuric cats
(p = 0.019, Mann-Whitney U test). (B,C) No significant differences were found in pHIF-1a or uHIF-1a concentrations. Proteinuria: urine protein-to-
creatinine ratio (UPC) > 0.4; Non-proteinuria: UPC < 0.4. pHIF-1a: plasma hypoxia-inducible factor 1o, uHIF-1a: urinary hypoxia-inducible factor 1 o,
and uNTBI: urinary non-transferrin bound iron.

Secondly, due to the retrospective nature of this study, not all the
clinicopathological data are complete. These incomplete datasets make
some statistical tests unfeasible and have relatively weakened the
statistical power of our study. Thirdly, although we relied on the
manufacturer’s validation data for the commercial ELISA kit, which
was suitable for our study’s species, biofluid, and analyte range,
independent validation was not performed. As this was an exploratory
study, additional validation was not deemed necessary. However,
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in-house validation to confirm the robustness of the ELISA kit under
similar conditions would be important in future studies. Lastly, age
could certainly have a significant confounding effect on the results.
However, due to the challenges of identifying healthy older cats
without CKD in a veterinary teaching hospital setting, obtaining
age-matched data was not feasible for our study.

In conclusion, it is well known that HIF serves as an
important transcription factor during hypoxia. The present study
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has demonstrated that, in cats, pHIF-la concentrations rise
during the early stages of CKD, but then gradually decrease as the
CKD uHIF-1a
concentrations show a progressive decline as the CKD severity

severity of the increases. In addition,
increases. In parallel, pHIF and uHIF concentrations show a
positive correlation that is independent of renal function. When
CKD-related prognostic factors like proteinuria are considered
(33), uNTBI could be useful as a potential renal biomarker when

evaluating CKD progression.
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