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Abstract

Iron dysregulation contributes to multiple types of renal diseases. Iron causes damage to
kidneys through several pathways, and many of them related to increased oxidative stress.
Specifically, the iron-dependent cell death, known as ferroptosis, is featured by iron
accumulation and lipid peroxidation. Ferroptosis is known to correlate closely to kidney
injury in human and rats. Hemojuvelin (Hjv), an iron-regulating protein, is shown to be a
promising early biomarker for human acute kidney injury (AKI). Meanwhile, the urinary
concentration of Hjv elevated significantly in cats with chronic kidney disease (CKD).
Regulation of renal cells’ Hjv is related to iron accumulation and tissue injury in rats’
model. AKI led to Hjv upregulation in kidney tissues, while inhibiting Hjv cleavage can
reduce renal injury significantly. However, the relation between urinary Hjv and renal
oxidative stress, as well as their relation with CKD progression, has not yet been
investigated in feline CKD.

We retrospectively included 60 client-own CKD cats, presented to NTUVH during
January 2018 to November 2021. Urinary Hjv concentration was measured by
commercial enzyme-linked immunosorbent assay (ELISA) kit. Renal oxidative status

was evaluated through urinary malondialdehyde (MDA) concentration, which was

measured by thiobarbituric acid reactive substances (TBARS) assay combined with high
performance liquid chromatography (HPLC). Both concentrations will be normalized by
urine creatinine concentration (urine Hjv-to-creatinine ratio, UHCR; urine MDA-to-
creatinine ratio, UMCR).

Our results showed a significant correlation between UHCR and feline CKD progression.
Those who progressed within 90 days have significantly higher UHCR (median [IQR],
54.42[25.31,97.96] *107 vs. 15.89 [5.58, 39.55] *1077; p=0.009). ROC analysis showed

vii
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the best cut-off for UHCR prediction of 90-day progression was 47.744*1077, with
sensitivity and specificity of 0.611 and 0.867, respectively. When divided by this cut-off,
K-M survival analysis showed a significantly shorter progression-free interval for those
with higher UHCR (median [96% CI], 81 [40-122] days vs. 556 [246-866 days], p<0.001).
Similarly, Cox regression analysis also showed an increased HR for progression in those
with higher UHCR (HR 4.337, 95% CI 1.971-9.545; p<0.001), which was independent
of tradition renal indexes i.e., sCrea and BUN.

UHCR was found significantly correlated with UMCR, which was independent of
traditional renal indexes but dependent on serum globulin. There was no significant
correlation between UMCR and CKD progression.

To sum up, UHCR predicts CKD progression in cats. On the other hand, no correlation
was found between UMCR and feline CKD progression. UHCR correlates significantly
with UMCR, indicating UHCR and related iron dysregulation may correlates with lipid

oxidation.

Key word: chronic kidney disease, cat, hemojuvelin, malondialdehyde, iron, oxidative

stress
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Chapter 1 Introduction

Chronic renal disease (CKD) is one of the most prevalence diseases in cats, and have a
great impact on their life expectancy [1-4]. However, despite decades long investigation,
the mechanism behind feline CKD is still far from well understood. Multiple factors are
known to involve in CKD pathogenesis; among them, oxidative stress has long been
found to play a central role [5], with iron regulation emerging as a critical factor in human
medicine within past few decades [6].

Iron impact on kidney function had been described in various kinds of kidney diseases.
Circulating iron associates with unfavorable outcome in patients suffering from or at risk
of acute kidney injury (AKI) [6]; meanwhile, dietary iron restriction or iron chelator
administration reduced glomerular and tubular-interstitial injury in multiple rats CKD
models [6-9]. These deleterious effects of iron are likely resulted from multiple pathways,
including direct oxidative stress to cells components; stimulation of inflammatory
responses; or triggering cell death [6].

Hemojuvelin (Hjv) is an iron-regulating membrane protein, expressed by multiple
organs including liver, skeletal muscles, heart, adipocytes, and kidney [10-12]. When
anchoring on cell membrane, it serves as a positive regulator of hepcidin, which is the
central iron regulator in animal body [13]. After being cleaved off from cell membrane,
the soluble form of Hjv exerts an opposite function i.e. downregulating hepcidin
expression [11, 14, 15]. Hepcidin degrades the iron-exporting protein, ferroportin, thus
decrease iron release from iron-storing cells ex, macrophages. Overall, membrane-bond
Hjv (mHjv) lowers environmental iron concentration, while soluble Hjv (sHjv) do the
opposite.

In 2014, a proteomic study identified sHjv as the most significantly elevated iron-
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related protein in AKI patients’ urine [11]. Later on, Wang et al. [16] and Ko et al. [17]
demonstrated that urinary Hjv (uHjv) predict AKI following cardiac surgery. The
predictive value of uHjv outstands that of other AKI biomarker, and adding uHjv into
established AKI-predicting clinical score significantly improved score predictive ability
[17]. The corresponding finding was reported in feline renal disease in 2020, showing
that uHjv elevated significantly in cats with CKD, and the concentration went higher in
later stage of the disease [18].

The mHjv-hepcidin axis had been found to protect organs against oxidative damage
through lowering environmental iron level [11, 19-21]. Malondialdehyde (MDA), one of
the most commonly used indicator of lipid oxidation [22], has been reported to decrease
with hepcidin treatment in rats’ heart undergoing ischemia-reperfusion injury [19]. Also,
inhibition of mHjv cleavage help lipid metabolism, indicating a critical role of mHjv on
proper lipid handling by cells [21].

Elevated MDA level had been demonstrated in both human [23-27] and feline [28, 29]
renal disease. The serum concentration of MDA related with disease severity [25-27], and
urinary MDA level predicts renal function deterioration in human AKI [23, 24] and feline
CKD (Chang et al. 2021, unpublished data). However, it is currently unknown whether
this elevation of MDA is related to Hjv regulation in renal disease.

The aim of this study is to establish the relation between urinary MDA and Hjv in feline
CKD. Also, we will look into the predictive value of these two biomarkers for feline CKD
progression. As such, we hope to improve our understanding of mechanism behind feline

CKD, and identify possible prognostic factors for disease progression.
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Chapter 2 Literature review

2.1 Hemojuvelin and renal disease

2.1.1 TIron regulation in renal disease

Iron, a member of transition metal, is able to release or accept electrons relatively easily
and participate in oxidation-reduction reactions. This characteristic makes it a vital
component of numerous biochemical pathways, which are crucial for normal body
function [30]. However, these redox reactions can also generate reactive oxygen species
(ROS), causing significant damage to cellular components [6, 30].

Among multiple organs involving in iron regulation, kidney had been found especially
vulnerable to iron-mediated injury. These injuries happen through multiple pathways,
including direct oxidative stress to renal cells components; stimulation of inflammatory
responses; or triggering regulated cell death [6].

Inflammation is the characteristic finding of chronic kidney diseases (CKD), which
severity links to renal functional decline in feline CKD [1, 31]. While a wide range of
different factors contribute to CKD inflammation, iron had been shown to play a role in
it, as low-iron diet decreased inflammasome formation in proteinuric mice model [7].
Two possible mechanisms had been suggested behind this link. First, iron stimulate
inflammatory response in macrophages [6], and macrophages is commonly found in
kidneys of cats with IRIS stage 2 or more advanced CKD [1]. Meanwhile, in mice injected
with iron-dextran solution, iron accumulates mainly inside interstitial macrophages [32].
Together, these findings indicate that iron might participate in CKD inflammation through
fueling inflammatory response of interstitial macrophages. On the other hand, kidney

cells may itself release inflammatory substances in response to iron stimulation. In human

3
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embryonic kidney cells (HEK 293), the transcription activity of NF-xB, IL-6, and COX-
2 had been found to increase significantly when co-incubated with oxidative iron [33].
Another pathway of iron-origin kidney damage is through regulated cell death.
Ferroptosis, a nontraditional cell death officially named in 2012, is characterized by
intracellular iron accumulation leading to mitochondrial lipid peroxidation [34, 35]. This
kind of cell death mainly result from cells’ inability to deal with iron-origin oxidative
stress, demonstrated by increased oxidative product and impaired antioxidant system.
Among several antioxidant systems involved, the glutathione (GSH)- glutathione
peroxidase 4 (GPX4) system is thought to be the dominant one [35]. A strong link had
been established between ferroptosis and acute kidney injuries (AKI) [6, 34]; ferroptosis
is the dominant cell-death form in various AKI models, including folic acid-induced,
rhabdomyolysis, and ischemia- reperfusion injury [9, 34, 36]. Meanwhile, GPX4 deletion
can lead to spontaneous kidney injury in mice [37]. More recently, a link between
ferroptosis and CKD had also been proposed. Wang et al. demonstrated that ferroptosis
also involve in 5/6 nephrotomy CKD model, and treatment with iron chelator can

significantly ameliorate renal fibrosis through ferroptosis pathway [9].
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Figure 2-1 Mechanisms of iron-mediated kidney injury and cell death. [6]

Clinically, the impact of iron loading on renal function had been described in human
under several medical conditions. Cohort studies in patients with AKI, or at risk of AKI
due to cardiac surgery and critical illness, have shown that circulating iron are associated
with increased risk of death and renal replacement therapy [6]. Consistently, dietary iron
restriction reduced glomerular and tubular-interstitial injury in multiple rats CKD models,
as well as iron chelator administration [6-8].

Several diseases had been known to cause increased iron loading, causing iron-origin
injuries to organs. Among them, haemochromatosis is one of the most well-known
example. The disease is defined by congenital deficiency or resistance of hepcidin, the
major negative regulator of body iron balance. Increased level of urinary iron excretion,
renal iron deposition, and severe kidney injury had been noted in some of
haemochromatosis patients, as well as demonstrated consistently in relevant animal

models [38-40].
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Figure 2-2 Effects of systemic iron overload on kidney. [6]

Meanwhile, kidney dysfunction can also disturb systemic iron homeostasis [6, 41].
Under physiological conditions, iron is filtered by the glomerulus and mostly reabsorbed
by the proximal tubule, predominantly in the form of transferrin-binding iron [6]. In renal
disease, reduced reabsorption caused by tubular dysfunction or increased leakage caused
by glomerulopathy can both lead to increased urinary iron loss [6, 42, 43]. In addition,
kidney diseases can also indirectly impact systemic iron availability through
inflammation. CKD-induce chronic inflammation impaired iron release from body stores,
known as functional iron deficiency (FID) [6]. FID happens through multiple mechanisms;

among them, the hepcidin-ferroportin axis is one of the best-known pathway.
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2.1.2 Hemojuvelin and iron regulation

Hepcidin, a 25-amino acid peptide, is a key iron regulator most abundantly expressed
by hepatocytes. It downregulates ferroportin, which is the only known iron exporter in
mammalian cells. Ferroportin downregulation than decrease iron efflux from cells into
the circulation, decreasing systemic iron load [14]. Hepcidin expression is regulated
positively by body iron load, mainly through the iron-sensing bone morphogenetic protein
6 (BMP6)- hemojuvelin- bone morphogenetic protein receptor (BMPR) complex [6, 14,
15].

Hemojuvelin (Hjv) is a glycophosphatidylinositol-linked membrane protein, expressed
in multiple organs including liver, skeletal muscles, heart, adipocytes, and kidney [10-12].
Together with BMPR, membrane-bond Hjv (mHjv) serves as co-receptor of BMP6.
Increased iron storage leads to BMP6 production, which activate the mHjv-BMPR
complex. This complex then leads to increased hepcidin transcription, ferroportin
degradation, and in the end decrease systemic iron load [6].

In human, failing to express mHjv cause an early-onset form of haemochromatosis
called juvenile haemochromatosis [14]. Similarly, knock out of Hjv gene in mice lead to

7
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iron overload and renal iron accumulation [14, 40]. In contrast, excessive mHjv-BMPR
complex activation leads to hepcidin overexpression and iron deficiency [44].

The membrane-bound Hjv (mHjv) can be cleaved off by two kinds of enzymes, furin or

matriptase-2, and form the soluble Hjv (sHjv) found in serum and urine [11, 14, 16, 17].
Furin cleavage result in 42kDa sHjv in both mice and human [14, 17], while the cleavage
pattern of matriptase-2 is currently controversial [45, 46].
While mHjv positively regulate hepcidin, the soluble form (sHjv) exsert an opposite
function. This is likely due to its competitive binding to BMP6, decreasing BMP6 binding
to the mHjv-BMPR complex [11, 14, 15]. The impact of sHjv on systemic iron regulation
is currently unclear, although change of sHjv serum level had been described in several
medical conditions, including beta-thalassaemias, anemia of chronic disease, congenital
dyserythropoietic anemia type I, anemia during pregnancy, and in patients undergoing
haemodialysis [10, 15].

Despite its systemic effect is less well-described, sHjv had been shown to cause local
iron deposition in renal tissue. Co-incubation of sHjv with free iron had led to increase
iron deposition in human renal cell line (HK2), compared with solely incubated with free
iron. Consistently, injection of sHjv aggravate I/R renal injury in mice, as indicated by
higher pathological renal injury score. These mice also show significantly increased renal

iron deposition, without appreciable changes in liver iron loading [11].

2.1.3 Hemojuvelin in renal diseases

As a close relationship exist between kidney and iron, the role of iron-regulating proteins
in renal diseases had attracted research interest. Among them, Hjv had been studied both
as a renal injury biomarker and possible therapeutic target.

As above mentioned, serum sHjv had been found to elevated in patients undergoing
8

doi:10.6342/NTU202210133



hemodialysis [10, 47]. Two studies published on 2012 found sHjv positively related to
systemic iron loading markers, such as ferritin and transferrin saturation rate. Meanwhile,
it showed no independent correlation with serum hepcidin levels in both studies [10, 47].
In these studies, Hjv was initially considered responding to systemic iron loading,
secreted by organs such as liver, skeletal muscle, or heart. However, as Hjv exert its iron-
regulating function through hepcidin, the finding that sHjv was not independently related
to hepcidin was intriguing. This led to the conclusion that the nature of increased serum
sHjv in hemodialysis patients remained to be demonstrated [10].

In 2014, the proteomic study carried out by Yang et al. identified 42kDa sHjv in both
human and rats’ urine. The urinary sHjv (uHjv) significantly elevated in rats and human
with AKI, and Hjv local expression was demonstrated in human’s and rats’ kidney tissue
by IHC [11]. Furthermore, they found that furin inhibitor decreases cleavage of mHjv into
sHjv, prevent kidney iron accumulation, reduce renal tubular cell death and protect
kidneys from I/R injury both functionally and histologically [11]. In accordance with
these finding, Wang et al. [16] and Ko et al. [17] later demonstrated that urinary sHjv,
after adjusting with urinary creatinine, predict AKI following cardiac surgery. Urine
collected at 3 hours post-surgery was able to independently predict AKI or mortality
during hospitalization. The diagnostic ability of creatinine-adjusted hemojuvelin
outstands adjusted urinary NGAL, which is a well-known novel AKI biomarker, for
advanced AKI and composite outcome [17]. Adding adjusted uHjv, alone [17] or in
combination with adjusted urinary kidney injury molecular-1 [16], into established AKI-
predicting clinical score also significantly improved score prediction ability.

In 2020, uHjv was successfully demonstrated in feline urine. Different from those found
in rats or human urine, Hjv found in feline urine composed of two compartments,

weighting 25~35 kDa and 15~25 kDA respectively [18]. The author further demonstrated
9
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that adjusted uHjv, noted as urinary hemojuveline-to-creatinine ratio (UHCR), elevated
significantly in cats with kidney disease. There was no significant difference found
between CKD, AKI or ACKI groups, while UHCR do increase significantly with more

advanced CKD stages [18].

2.2 Lipid oxidation in renal disease

2.2.1 Lipid metabolism in renal disease

CKD is known to disturb lipid homeostasis in both animal model and human, known as
CKD-associated dyslipidemia [34, 48-51]. Human with CKD is known to have increased
serum cholesterol and triglyceride, with decreased serum high-density lipoprotein (HDL)
level [51]. A similar pattern was reported on dogs with CKD [52, 53]. E. Behling-Kelly
reported that CKD dogs had a significantly lower serum HDL: non-HDL Ratio, and 55%
of dogs with CKD have serum cholesterol level above reference range [53]. Consistently,
Brunetto et al. demonstrated that serum low-density/very-low-density lipoprotein
(LDL/VLDL) and cholesterol was increased in dogs with CKD [52]. To the best of our
knowledge, no similar study had been conducted in cats.

Being a consequence of renal disease, dyslipidemia itself can lead to further renal injury,
forming a vicious cycle [48, 49, 53-55]. Hypercholesteremia ( > 350 mg/dL) [56] and low
HDL [57] had been reported to independently predict renal function decline in general
population, as well as in patients with type 2 diabetes mellitus or hypertension [54]. In
animal models, dietary with high triglyceride and LDL led to focal segmental
glomerulosclerosis, and increased feeding of cholesterol deteriorated proteinuria in
puromycin aminonucleoside nephrosis rat model [54]. LDL are known to be pro-

inflammatory and lead to lipid accumulation inside vascular wall, both could worsen
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kidney injury [48, 54]. Emerging evidences also suggest conformational and functional
changes of HDL in CKD. While HDL hold anti-inflammatory and antioxidative effect in
healthy individual, it’s likely to differ in binding preferences, proteome, and post-
translational modification in those with CKD, losing its protective effects and even
become harmful [48, 49, 58].

In addition to altered systemic lipid homeostasis, kidney injury also disturbs energy
generation from lipid inside renal cells [48, 49]. Kidney overall is highly reliant on lipid
as energy source, with different preference between specific cell types; podocytes mainly
generate energy through glycolysis, while proximal tubular cells have very limited ability
to use glucose and rely heavily on free fatty acids (FFAs) and glutamine. Under normal
circumstances, FFAs is uptake by kidney mainly through CD36 receptors. After taken
into renal cells, part of FFAs will undergo oxidation inside mitochondria, generating
energy, while others stored as complex lipids such as triacylglycerols, diacylglycerols,
phospholipids and cholesterol esters [48, 49]. During kidney injury, fatty acid oxidation
in renal cells is disrupted, leading to subsequent lack of ATP and lipid accumulation [48,
49, 54, 59].

The significance of impaired fatty acid oxidation in renal disease has been suggested by
numerous researches. Fatty acid oxidation had been found to be the most significantly
altered metabolism pathway in human with hypertensive or diabetes nephropathy [59].
Down-regulation of fatty acid oxidation lead to renal fibrosis in mice model [59, 60];
meanwhile, enhancing fatty acid oxidation ability protect kidneys from fibrosis and
inflammatory changes in a wide range of different kidney injury models, including
unilateral ureteral obstruction, folic acid nephropathy, and adenine-induced
nephrotoxicity [61].

In veterinary medicine, renal lipid accumulation had been related to cats’ renal injury [1,
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62-64]. Different from human and dogs, healthy cats can have lipiduria, which is
proposed to originate from small lipid droplets inside proximal tubules [65, 66]. However,
identifying interstitial free lipid had been reported as a pathologic finding of cats with
CKD. In 2015, McLeland et al. carried out a survey on feline CKD pathologic changes.
The histologic findings were compared between young control cats, geriatric control cats,
and cats with various stages of CKD. They found that interstitial lipid accumulation was
noted significantly more frequent in cats with IRIS stage 2~4 CKD; it was noted in 85%
of cats with stage 2~4 CKD, compare to 4 out of 21 control cats [63]. Martino-Costa et
al. later conducted research that specifically looks into interstitial lipid accumulation in
cats and dogs with CKD, which reported interstitial lipid infiltration in 88.9% (24 out of
27) of cats with CKD. Meanwhile, interstitial lipid droplets was not found in any of the
10 control cats, as well as dogs with or without CKD [62]. Additionally, these lipid
droplets had been found to consistently associated with inflammatory response, and

disorganized/ruptured tubules [1, 62, 64].

2.2.2 Lipid oxidation markers in renal disease

Oxidative stress, defined as imbalance between oxidative and antioxidative system, has
long been recognized as a key factor of CKD pathogenesis. Multiple studies have shown
increased oxidative stress in CKD patients, and its relation with poor prognosis in this
disease [67-69]. Elevated oxidative stress in CKD is multifactorial, resulting from
impaired anti-oxidant system, increased reactive oxidative species (ROS) production, and
accumulation of a wide variety of other pro-oxidative substances [58, 67, 68, 70, 71]. As
above mentioned, altered lipoprotein structure and lipid accumulation had also been
recognized as one of oxidative stress sources [49, 54, 70, 72].

As disturbed lipid homeostasis and oxidative stress are both recognized hallmarks of
12
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CKD, lipid oxidation markers had attracted research interest in this field.
Malondialdehyde (MDA), one of the best investigated lipid peroxidation product [22],
had been used to evaluate lipid oxidation in CKD. Studies in human had found increased
plasma MDA in both dialysis and non-dialysis dependent CKD patients, which magnitude
correlated with disease severity [25-27].

Beside serum concentration, evaluating oxidative biomarkers in urine has also been
proposed a promising method to evaluate oxidative stress in kidney disease. This method
holds the advantage that urine has less metal-containing substances, making it
theoretically less prone to artificial increase of oxidative stress markers during sample
collection and storage [69]. Furthermore, the collection process can be done without
invasive manipulation and a sufficient amount of sample can be easily obtained, both
makes urinary biomarker an attractive option for veterinary. In patients undergoing liver
transplantation, urinary MDA at 2hrs and 24hrs post-surgery was found to significantly
predict post-surgery AKI [23]. Also, among critically sick neonates, urinary MDA was
significantly higher in those with AKI than those without. Intriguingly, the authors also
found that MDA in erythrocytes differed significantly between critically sick and healthy
neonates, but not between critically sick neonates with or without AKI. This indicate
urinary MDA may be more specific to renal injury, comparing with MDA in systemic
circulation [24].

In veterinary medicine, feline with CKD had been reported to have higher serum MDA
[28, 29]. Yu and Paetau-Robinson showed a trend toward elevation of serum MDA in cats
with CKD, although failed to reach statistical significance (p = 0.074), possibly due to
small sample size (n = 10) or patients being in the relatively early stage (median serum
creatinine = 1.9mg/dL) [28]. Valle et al. later reported a statistically significant elevation

of serum MDA in cats with IRIS stage 2~4 CKD, and a good correlation of serum MDA
13

doi:10.6342/NTU202210133



with other serum oxidative stress biomarkers [29].

Regarding urinary oxidative marker in cats, only one study had been published so far to
the best of our knowledge. Whitehouse et al. in 2017 looked into F2-isoprostanes
concentration in feline urine [73]. They found a significant higher urinary F2-isoprostanes
in cats with early-stage CKD (IRIS stage 1~2), compared to cats in more advanced stages.
Meanwhile, urinary F2-isoprostanes was significantly lower in cats with advanced stage
CKD, compared to that of healthy control. Overall, it showed an elevation of urinary F2-
isoprostanes in the early stage of disease, but the concentration decreases as disease
further progress [73]. However, the report did not further look into ratio between urinary
F2-isoprostanes and creatinine, and the decrease of F2-isoprostanes concentration can
possibly be explained by decreased ability to concentrate urine in cats with advanced

stage CKD.

2.3 Hemojuvelin and MDA

2.3.1 Impact of lipid dysregulation on iron homeostasis

Lipid accumulation had long been linked to disrupted iron homeostasis, predominantly
through inflammation [74-77]. In human, higher body fat links to lower serum total iron
across different ages and gender [75]. This can reasonably be explained by the fact that
fat tissue secrets a significant amount of pro-inflammatory cytokines, including
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), and interleukin-1a [75-77].
This effect can possibly be more prominent in patients with kidney disease, as adipocytes
secrets more IL-6 and interleukin-la under uremic condition [77]. These pro-
inflammatory cytokines inhibit iron absorption and release into circulation through

multiple pathways, one of which is the up-regulation of hepcidin [14, 75].
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Figure 2-4 Impact of fat tissue to iron availability through hepcidin [75].

As above mentioned, hepcidin regulate systemic iron loading not only through
decreasing intestinal iron absorption, but also inhibiting iron exportation from cells into
circulation [14]. Therefore, while causing the iron deficiency in the systemic level, it also
leads to local iron deposition in the iron-storing organs. This “lipid-hepcidin-iron
deposition” axis had been observed in rats’ liver and spleen, where a high-fructose or
high-fat diet led to lipid accumulation, pro-inflammatory status, increased hepcidin, and
hepatic/splenic local iron accumulation [78, 79]. As renal iron accumulation is also found
in renal disease, and serum hepcidin is known to increase in human and feline CKD [80],
whether the same mechanism exist in kidneys worth investigation.

In addition to indirect upregulation through inflammation, human and rats’ adipocytes
can also directly express hepcidin, and its upstream regulator Hjv [12]. The expression of
hepcidin is significantly correlated mHjv, and can be positively regulated via BMP-Hjv
pathway in vitro, implying adipocyte local-expressed hepcidin is at least partly regulated
by its expression of mHjv [12]. Whether this local expression of Hjv and hepcidin plays

significant role in iron status is yet to be determined.
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Figure 2-5 The relationship between iron and hepcidin in adipocyte and hepatocyte [81].

2.3.2 Role of iron in lipid oxidation

As above mentioned, iron has been known as a source of oxidative stress in kidney
diseases. This iron-origin oxidative stress targets a wide range of substances including
DNA, protein, and lipid; among them, the effect it has on lipid had attracted research
interest regarding its unique mechanism and consequences.

Iron is a critical catalyzer in the lipid peroxidation process, which is the process leading
to production of lipid oxidative stress markers ex. MDA [82]. During peroxidation, lipid
first loss one hydrogen atom, become a lipid radical; then react with diatomic oxygen and
abstract hydrogen atom from other lipid species, forming lipid peroxides (L—OOH). This
lipid peroxides can then be catalyzed by transition metals— most often, iron— then
become a lipid alkoxyl radicals that is also highly reactive, attacking other lipid species,
contribute to the vicious cycle [82]. The dependency of lipid peroxidation to iron has been

proved in various kinds of models, showing that iron chelator can fully suppress lipid
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peroxidation induced by disrupted intracellular antioxidant system [82].
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Figure 2-6 Lipid peroxidation process. [82]

The significance of iron-origin lipid peroxidation had also been found in renal disease.
Reduce iron intake led to lower renal tissue MDA in diabetic nephropathy model, along
with decreased albuminuria and histologic lesion [8]. AKI induced by myoglobulin was
found related to lipid peroxidation inside renal tubular cells, likely induced by iron inside
myoglobulin [83, 84].

Another clear demonstration of iron-related lipid oxidation stress is ferroptosis. As
above mentioned, ferroptosis had been reported closely related to kidney diseases.
Recently, the relation between free iron, ferroptosis, and feline kidney disease was
explored (Huang et al. 2022, unpublished data). Huang et al. found that serum free iron,
after correcting with hematocrit, and urinary GPX4, after correcting with urinary
creatinine, elevated significantly along with the decline of renal function. Additionally,
these two markers both significantly predict feline CKD progression within 90 days, and
correlated positively with each other. This indicates a possible role of iron-originated
injury and lipid oxidation in feline CKD, and warrant a further exploration into the

underlying mechanism behind the disrupted iron homeostasis.
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2.3.3 Hemojuvelin and lipid oxidative stress

As above mentioned, hepcidin has been found to play a role in interaction between iron
and lipid metabolism, being induced or directly secreted by adipocytes than impact iron
homeostasis. On the other hand, hepcidin can regulate lipid oxidative stress, possibly
through the hemojuvelin-hepcidin-ferroportin pathway.

Hepcidin had been found to be up-regulated in cardiomyocytes undergoing ischemia-
reperfusion injury, possibly induced by increased iron loading [85]. This up-regulation is
proposed to be a protective mechanism, preventing iron release from macrophage thus
protect cells from iron-origin oxidative stress. This proposed protective effect was later
supported by Bayraktar et al. finding. They showed that treatment with hepcidin
significantly reduced MDA level in rats’ heart undergoing ischemia-reperfusion treatment
[19]. The similar finding of hepcidin protect against lipid oxidation was also reported in
colorectal cancer epithelial cells [20].

As mHjv serve as the main pathway of iron-responsive hepcidin up-regulation, it is
reasonable to suggest mHjv participate in this hepcidin protective function against iron-
overload and lipid oxidation. This hypothesis also fits the above-mentioned findings in
rats’ kidneys; mHjv cleavage was followed by profound renal iron deposition, and
inhibiting mHjv cleavage can significantly ameliorate iron deposition and the following
renal injury [11]. Folgueras et al. had also showed that Matriptase-2 deficiency leads to
improved lipid metabolism, and this effect can be fully reverted by anti-Hjv antibody [21].
This suggested a role of Hjv in regulating proper lipid metabolism, thus protecting cells

from lipid oxidation stress.
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Chapter 3 Materials and Methods

3.1 Patients and sample collection

3.1.1 Case selection and follow-up

Cats conducted urinary analysis in National Taiwan University Veterinary Hospital
(NTUVH) (Taipei, Taiwan) over January 2018 to November 2021 were surveyed. Cats
that meet one or more of the following criteria were retrospectively enrolled in the CKD
group: (1) Plasma creatinine > 1.6 mg/dL; (2) Inadequate urinary concentrating ability
(e.g. urine specific gravity < 1.030); (3) Abnormal renal imaging findings under
ultrasonography or radiography exam.

The above-mentioned findings should persist for > 30days, and without any identifiable
non-renal causes. Cases will be excluded if presented with malignancy, liver
abnormalities (ex. elevated liver indexes), suspected systemic infectious/inflammatory
status (ex. FIV, FeLV, leukocytosis), or abnormal thyroid function (ex. hyperthyroidism).

The remaining cases will then be classified according to IRIS staging of CKD (2019).
Meanwhile, cases with sufficient follow-up data will also be classified into progression

or non-progression group. Progression is defined as creatinine increase > 0.5 mg/dL.

12 TR T

Stage 1 Stage 2 Stage 3 Stage 4

No azotemia Mild azotemia Moderate azotemia Severe azotemia
(Normal creatinine) (Normal or mildly
elevated creatinine)
Creatinine in mg/dL Less than Greater than
14 1.4-2.8 2.9-5.0 50
Canine (125 #'mom_, (125-250 umoll/L) (251-440 pgmoljL) (440 pmoliL)
Less than Greater than
Feline 6 1.6-2.8 2.9-5.0 5.0
(140 pmol/L) (140-250 pmol/L) (251-440 gmol/L) (440 pmoliL)
SDMA* in pg/dL Less than Greater than
Canine 18 18-35 36-54 54
= . Less than Greater than
eline 18 18-25 26-38 38

Figure 3-1 IRIS staging system for canine and feline CKD.
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3.1.2 Sample collection and storage

Urine samples obtained for diagnosis purpose in NTUVH were collected. Urine was

centrifuged, and supernatant were stored at -80°C refrigerator.

3.1.3 Clinical parameters measurements

For the included cases, the medical history, physical exam, blood exam, urinary analysis,
and other relevant exams results were retrieved. Hematologic values were measured by
Exigo hematology analyzer. Plasma chemistry values were measured by Ortho Clinical
DiagnosicsTM VITROSTM350 system; the globulin concentration was calculated as
total protein minus albumin. Plasma electrolytes were measured by Roche Cobas b 121

system. Urine analysis were conducted using Roche Cobas b 411 system.

3.2 Urinary MDA measurement

Protocol of feline urinary MDA measurement had been previously established and used
here (Chang et al. 2021, unpublished data). In brief, Urinary MDA was measured as
thiobarbituric acid reactive substances (TBARS) as previously described [86].
Thiobarbituric acid and MDA forms MDA-TBA: complex, which is chemically stable
and holds a distinct pink color. The MDA-TBA> complex concentration was than
measured by high performance liquid chromatography (HPLC), therefore determine

MDA concentration.
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Figure 3-2 Thiobarbituric acid (TBA) and MDA forms MDA-TBA; complex [86].

HPLC analysis
Sample preparation Data analysis
* Mobile phase: Sodium phosphate )
* 50uL sample or buffer (pH 6.8) : ACN = 80:20 (v:v) e Average of three
standard « Column: Cosmosil 5C18-AR-I (4.6 mm AUC
*450uL TBA I.D. x 150 mm)
* Heat at 95°C, e Conditions: see above
60mins 3 injection per sample
* Vortex 30 secs
* Filtered
\_ J \_ J
NS J

Figure 3-3 Flow chart of urinary MDA analysis by HPLC.

3.2.1 Chemicals and reagents

1. 1,1,3,3-Tetramethoxypropane , 99% (Merck KGaA, Germany)

2. Acetonitrile (ACN), = 99.9% (J.T. Baker, Holland)

3. 2-Thiobarbituric acid (TBA), = 98% ((Merck KGaA, Germany)
4. Sodium hydrogen phosphate, 99% (PANREAC chemicals, Spain)
5. Sodium phosphate monobasic, = 99.9% (Sigma-Aldrich, USA)
3.2.2 Supplies

1. Blood collection syringe: 1 ml syringe (Terumo, Belgium)

2. Syringe filter, PTFE, 13 mm, 0.45 pm (MyTech, Taiwan)
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3.2.3 Apparatus

1. pH meter: SP-2300 (Suntex, Taiwan)

2. Genius dry bath incubator, MD-02N (Major science, USA)

3. Agilent 1260 Infinity II (Agilent Technologies, USA)

4. HPLC column: Cosmosil 5C18-AR-II column (4.6 mm [.D. x 150 mm)

3.2.4 HPLC conditions

The HPLC protocol was modified from previous research [87].

1. Mobile phase: Sodium phosphate buffer (pH 6.8)-Acetonitrile (80:20, v/v),

preparation protocol was listed as follow:

1.1. Dissolve sodium hydrogen phosphate 0.9 g and sodium phosphate monobasic 1.6 g
into 1000 ml of double distilled water to make 20 mM, pH 6.7 sodium phosphate
buffer.

1.2. Mix sodium phosphate buffer solution with acetonitrile in 80:20 (v/v).

2. Flow rate: 1.3 ml/min

3. Excitation wavelength: 532 nm

4. Emission wavelength: 553 nm

5. Injection volume: 50 uL

3.2.5 Sample and standard solution preparation

Urine was stored at -80°C and unfreeze at room temperature before processing. Standard
solutions were prepared from 1,1,3,3-Tetramethoxypropane, diluting into 4000, 1000,
250, 62.5 ppb. All samples and standards were measured in triplicate, and concentrations
determined by averaging three levels.

Sample and standards will then be processed with the following protocol:
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1. Preparing 25 mM, pH 3.5 TBA solution (TBA 0.18 g, sodium phosphate monobasic
1.692 g and phosphoric acid 40 pL dissolved into 50 ml of double distilled water)

2. Mix 50 pL urine with 450 uL TBA solution. Vortex the mixture, then incubate at 95°C
for 60 minutes.

3. Cool the samples in ice bath for 5 minutes, then adapt samples to room temperature.

4. Vortex samples, then filtered with syringe PTFE filter (13 mm, 0.45 um).

5. HPLC analysis were conducted under above-mentioned condition.

3.3 Urinary Hjv measurement

Urine was stored at -80°C and unfreeze at room temperature before processing. Urinary
Hjv was measured using commercial quantitative sandwich ELISA Kit designed for feline
hemojuvelin quantification (Catalog# MBS1608274, Mybiosource, USA). Measurement
was conducted following protocol provided by manufacturer.

All samples and standards were measured in duplicate, and concentrations determined
by averaging two levels. Standards were prepared to a final concentration of 32, 16, 8, 4,
2 ng/ml, as manufacturer instruction. The assay protocol listed below:

1. All reagents and samples brought to room temperature and allowed fully unfreeze.

2. Add 50yl of standard into each standard well.

3. Add 40ul sample to sample wells and then add 10ul anti-HJV antibody to sample
wells, then add 50ul streptavidin-HRP to sample wells and standard wells.

4. Mix well. Cover the plate with a sealer. Incubate 60 minutes at 37°C.

5. Remove the sealer and wash the plate 5 times with wash buffer. Soak wells with 300ul

wash buffer for 30 seconds to 1 minute for each wash.
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6. Add 50ul substrate solution A to each well and then add 50ul substrate solution B to
each well.

7. Incubate plate covered with a new sealer for 10 minutes at 37°C in the dark.

8. Add 50ul Stop Solution to each well.

9. Determine the optical density (OD value) of each well immediately using a microplate

reader set to 450 nm.

3.4  Statistical analysis

SPSS software package (v.26) was used for the statistical analysis.

Clinical parameters between groups were compared using Mann—Whitney U test
(continuous) or Chi-square (categorical).

Linear correlation between continuous parameters were evaluated via linear regression
models. All parameters will first be analyzed with simple linear regression model.
Parameters with p-value < 0.1 will then be enrolled into forward stepwise multiple linear
regression, with criteria of p < 0.05 as enter, p > 0.10 as remove.

The prediction value of parameters to 90-day progression were evaluated through
logistic regression. The prediction value of parameter of interest (urinary Hjv and MDA)
were further evaluated through Receiver operating characteristic (ROC) curve, Kaplan-
Meier curves, and Cox proportional hazards regression; simple and multiple Cox
proportional hazard regression will be conduct with the same manner as linear regression
analysis (all parameters first analyzed with simple Cox regression model; parameters with
p-value < 0.1 will then be enrolled into forward stepwise multiple Cox regression, with
criteria of p < 0.05 as enter, p > 0.10 as remove).

Significance was defined as p-value less than 0.05.

24

doi:10.6342/NTU202210133



Chapter 4 Results

4.1 Feline urinary Hjv and MDA measurement

4.1.1 Feline urinary MDA measurement

MDA standard curve was established at concentration of 4000, 1000, 250, 62.5 ppb. The
coefficient of determination for the standard curve was 0.9971. The inter-CV was 2.712%
for 4000ppb, 3.398% for 1000ppb, 3.685% for 250ppb, and 6.034 for 62.5ppb. The intra-
CV was 4.375% for 4000ppb, 0.848% for 1000ppb, 1.382% for 250ppb, and 2.192% for
62.5ppb (Table 4-1, Figure 4-1). The median retention time was 2.29 minutes, with
standard deviation of 0.026mins.

Table 4-1 Details of MDA standard curve establishment.

Validation details

Calibration curve | AUC = 0.0803*concentration (ppb) + 14.133. R2=0.9971.

Inter-assays CV 2.712% (4000ppb), 3.398% (1000ppb), 3.685% (250ppb), 6.034% (62.5ppb)

Intra-assays CV 4.375% (4000ppb), 0.848% (1000ppb), 1.382% (250ppb), 2.192% (62.5ppb)

Abbreviation: CV, Coefficients of Variability; AUC, area under curve
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Figure 4-1 MDA standard curve.
Error bar: 1.96* Standard deviation.

Standard curve was established at concentration of 4000, 1000, 250, 62.5 ppb. The linear
regression equation is AUC = 0.0803*concentration (ppb) + 14.133 and R square =

0.9971.

4.1.2 Feline urinary Hjv measurement

Feline urinary Hjv were measured using commercial kit as above mentioned. Standard
curves were established with concentration of 32, 16, 8, 4, 2 ng/ml following
manufacturers’ instruction. the coefficient of determination for the standard curve was
0.9966 (Figure 4-2). The inter-CV was less than 10%, and intra-CV was less than 8%

following manufacturer’s instruction.
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Figure 4-2 Hjv standard curve.
Standard curve was established at concentration of 32, 16, 8, 4, 2 ng/ml. The linear
regression equation is O.D. (450nm) = 0.0453*concentration (ng/ml) +0.0332, R square

=0.9966.

4.2  Urinary Hjv and MDA in CKD cats

4.2.1 Cases population

A total of 60 cats fit the above-mentioned criteria and were included in the study. This
included 35 domestic short hair; 4 American short hair; 4 Persian and 1 Persian mix; 4
Chinchilla; 3 Scottish fold; 3 English short hair; 2 Bengal; 2 domestic long hair; 1 exotic
long hair; and 1 Russian blue.

According to IRIS CKD staging system, there were 2 cats in stage 1, both included due
to persistent hyposthenuria (USG < 1.030 for more than 2 occasions 30 days apart). 39
cats were in stage 2, 15 cats in stage 3, and 4 cats in stage 4 CKD. As the case number for
CKD stage 1 (n = 2) and stage 4 (n = 4) was small, cats were alternatively grouped into
early-stage (stage 1 and 2) and late-stage (stage 3 and 4) CKD.
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4.2.2 Correlation between clinical parameters, urinary Hjv, and urinary

MDA in CKD cats

The clinical parameters, urinary Hjv, and urinary MDA of cats are summed up in Table
4-2. Among 60 cases included in the study, 7 cases’ urinary Hjv were lower than detection
limits, and were counted as zero for statistics purpose.

Cats with late-stage CKD was significantly older, with no significant different in sex
distribution. Also, cats with late-stage CKD had significantly lower hematocrit and
Urinary-specific gravity (USG), and significantly higher serum potassium, urinary
protein-to-creatinine ratio (UPC), and blood urea nitrate (BUN) (Table 4-2).

To account for decreased urinary concentration ability in cats with kidney disease, the
urinary Hjv and MDA was adjusted with urinary creatinine, as previous researches in
human and cats [4, 16-18]. Adjusted Hjv and MDA was noted as urinary Hjv-to-creatinine
ratio (UHCR) and urinary MDA-to-creatinine (UMCR), respectively. In accordance with
previous researches, UHCR was significantly higher in cats with advances CKD, in
comparison with those with early-stage CKD (median [IQR], 52.58 [10.69, 92.70] *10~7
in late-stage vs. 15.47 [4.88, 47.74] *107 in early-stage; p-value, 0.032). On the other
hand, UMCR showed no significant difference between early- and late-stage (median
[IQR], 5.46 [3.71, 10.26] ppb/mg/dL in early-stage vs. 6.65 [4.30, 11.01] ppb/mg/dL in
late-stage; p-value, 0.395). Urinary Hjv had no significant difference between groups
(median [IQR], 2.98 [1.43, 4.40] ng/mL in early stage vs. 3.90 [2.04, 5.69] ng/mL in late-
stage; p-value, 0.106), and urinary MDA was significantly higher in cats with early-stage
CKD than those with late-stage CKD (median [IQR], 962.16 [551.63, 1736.40] ppb in

early-stage vs. 528.48 [301.98, 1084.88] ppb in late-stage; p-value, 0.038). Other clinical
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parameters showed a significant difference between early- and late- stage CKD included:
uCrea, age, sCrea, hematocrit, BUN, potassium, USG, and UPC (Table 4-2).

Table 4-2 The clinical parameters, urinary Hjv, and urinary MDA of CKD cats.

Parameters Early stage (n =41) Late stage (n =19) P value
uCrea (mg/dL) 185.8 (88.1, 256.05) N=41 744 (49.3,137.2) N=19 0.003*
uHjv (ng/mL) 2.98 (1.43, 4.40) N=41 3.90(2.04,5.69) N=19 0.106
UHCR (¥107) 15.47 (4.88,47.74) N=41 52.58(10.69, 92.70) N=19 0.032*
uMDA (ppb) 962.16 (551.63,1736.40) N=41 528.48(301.98,1084.88) N=19 0.038*
UMCR (ppb/mg/dL) 5.46 (3.71, 10.26) N=41 6.65(4.30,11.01) N=19 0.395
Age (years) 6 (4, 11.5) N=41 14(9,15) N=19 0.002*
Sex (%Female) 56.1% N=41 36.8% N=41 0267
BW (kg) 4.55 (3.635, 5.18) N=38 3.96(3.00,5.14) N=19 0.157
sCrea (mg/dL) 2.2(1.85,2.3) N=41 3.7(3.2,4.7) N=19 <0.001**
Sys BP (mmHg) 158.5 (135.75, 181.00) N=8 146 (137.5, 159.5) N=13 0456
Hct (%) 40.3 (33.3,44.3) N=33 28.9(27.35,35.80) N=17 0.003*
WBC (10%/uL) 7400 (5850, 9500) N=33 7700 (6150, 9950) N=17 0.712
Albumin (g/dL) 3.300 (3.175, 3.500) N=30 3.3(.23.6) N=15 0.645
Globulin (g/dL) 4.2 (3.9,4.5) N=19 425 (3.75,4.675) N=8 0.856
A/G ratio 0.81 (0.73, 0.88) N=19 0.83(0.79, 0.9475) N=8 0515
Glucose (mg/dL) 113.50 (93.75, 137.50) N=22 120(98.5, 142) N=9 0507
BUN (mg/dL) 27 (22,31) N=41 50(39,74) N=19 <0.001**
Phosphorus (mg/dL) 4.3 (3.6,5.2) N=27 4.7(3.6,6.85) N=17 0.173
Sodium (mmol/L) 155.25 (152.85, 157.43) N=34 155(152.18, 157.93) N=18 0.908
Potassium (mmol/L)  3.805 (3.525, 4.1225) N=34 427 (3.725,4.6275) N=18 0.018*
Chloride (mmol/L) 117.95 (116.45, 119.15) N=34 118.1(116.15, 119.875) N=18 0.946
ALKP (U/L) 38 (31, 50) N=15 36(31.5,39) N=5 0553
ALT (U/L) 45 (36, 67) N=17 52(45.5,99) N=5 0.164
AST (U/L) 28 (21, 33) N=15 26(24.5,34,5) N=5 0.866
USG 1.018 (1.013, 1.030) N=41 1.011 (1.009, 1.013) N=19 <0.001**
UPC 0.075 (0.04, 0.23) N=20 0.45(0.2625,1.2325) N=10 0.005*

Data are presented as median (IQR). Difference between groups were evaluated using Mann—Whitney U test
(continuous) or Chi-square (categorical).

* Indicates p < 0.05. ** indicates p < 0.001.

Abbreviation: uCrea, urinary creatinine; uHjv, urinary hemojuvelin; UHCR, urinary hemojuvelin-to-creatinine ratio;
uMDA, urinary malondialdehyde; UMCR, urine malondialdehyde-to-creatinine ratio; BW, body weight; sCrea, serum
creatinine; Sys BP, systolic arterial pressure; Hct, hematocrit; WBC, white blood cell count; A/G ratio, serum albumin-
to-globulin ratio; BUN, blood urea nitrogen; ALKP, alkaline phosphatase; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; USG, urinary specific gravity; UPC, urine protein-to-creatinine ratio.
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The relation between UHCR, UMCR and other clinical parameters were explored using
linear regression analysis and summed in Table 4-3. All parameters’ relation with UHCR
or UMCR were first surveyed using simple linear regression analysis. Those parameters
with p value < 0.1 were further included into forward stepwise multiple linear regression
analysis, except that uMDA were not included into UHCR linear regression model due to
its dependency with UMCR.

For UHCR linear regression model, simple linear regression analysis revealed a
significant positive correlation with UMCR, globulin and BUN; and a significant negative
correlation with uMDA and USG. In addition to above-mentioned parameters, Hct,
sodium, UPC and BW also hold p value less than 0.1 and were enrolled into multiple
linear regression analysis. When stepwise multiple linear regression applied, only BUN
and USG remained in the model, with p-value of 0.001 and 0.009, respectively (Table
4-3).

As for UMCR, simple linear regression analysis showed significant positive UHCR,
BUN, potassium, and age. UHCR, A/G ratio, BUN, potassium and age were enrolled into
stepwise multiple linear regression analysis, and only potassium remained in the model

with p-value of 0.007 (Table 4-3).

30

doi:10.6342/NTU202210133



Table 4-3 Simple and stepwise multiple linear regression analysis of UHCR/UMCR, and other clinical parameters.

UHCR

UMCR

Simple linear regression

Stepwise multiple linear regression

Simple linear regression

Stepwise multiple linear regression

Parameters Adjusted t-value p-value Adjusted t-value p-value Adjusted t-value p-value Adjusted t-value p-value
uHjv - - - 0.198 1.541 0.129
UHCR - - - 0.342 2.775 0.007*
uMDA -0.372 -3.054 0.003* - - -
UMCR 0.342 2.775 0.007* - - -
sCrea (mg/dL) 0.177 1.373 0.175 0.186 1.441 0.155
Sys BP (mmHg) 0.099 0.435 0.668 0.278 1.260 0.223
Hct (%) -0.292 -2.113 0.040* -0.163 -1.147 0.257
WBC (10%/uL) 0.155 1.084 0.284 -0.016 -0.113 0.910
Alb (g/dL) -0.053 -0.350 0.728 0.160 1.062 0.294
Globulin (g/dL) 0.450 2.520 0.018* -0.280 -1.457 0.157
A/G ratio -0.231 -1.190 0.245 0.332 1.759 0.091
Glucose (mg/dL) 0.006 0.031 0.976 0.169 0.923 0.364
BUN (mg/dL) 0.349 2.835 0.006* 0.631 4.619 0.001* 0.285 2.262 0.027*
Phos (mg/dL) 0.126 0.823 0415 -0.019 -0.125 0.901
Sodium (mmol/L) -0.236 -1.719 0.092 0.108 0.770 0.445
Potassium (mmol/L) 0.135 0.961 0.341 0.291 2.148 0.037* 0.518 2.963 0.007*
Chloride (mmol/L) -0.159 -1.139 0.260 0.171 1.229 0.225
ALKP (U/L) -0.306 -1.362 0.190 -0.131 -0.559 0.583
ALT (U/L) -0.044 -0.196 0.847 0.051 0.230 0.821
AST (U/L) -0.075 -0.320 0.752 0.283 1.250 0.227
USG -0.481 -4.177 <0.001%* -0.450 -3.298 0.009* -0.145 -1.120 0.267
UPC 0.314 1.749 0.091 0.188 1.015 0.319
Age (years) 0.140 1.076 0.287 0.292 2322 0.024*
BW (kg) -0.256 -1.965 0.054 0.051 0.381 0.705
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* Indicates p < 0.05. ** indicates p < 0.001. Bold font indicates p < 0.1 and enrollment into multiple linear regression.
Abbreviation: uHjv, urinary hemojuvelin; UHCR, urinary hemojuvelin-to-creatinine ratio, uMDA, urinary malondialdehyde; UMCR, urine malondialdehyde-to-creatinine ratio; BW, body weight; sCrea, serum

creatinine; Sys BP, systolic arterial pressure; Hct, hematocrit; WBC, white blood cell count; A/G ratio, serum albumin-to-globulin ratio; BUN, blood urea nitrogen; ALKP, alkaline phosphatase; ALT, alanine

aminotransferase; AST, aspartate aminotransferase; USG, urinary specific gravity; UPC, urine protein-to-creatinine ratio.

32

doi:10.6342/NTU202210133



To verify the nature of correlation between UHCR and UMCR, the regression model
was separately corrected with Hct, globulin, BUN, USG and BW, with UHCR as
dependent variable (Table 4-4). Also, the regression model was separately corrected with
BUN, potassium, and age with UMCR as dependent variable (Table 4-5). The result
showed that correlation between UHCR and UMCR is independent of all above
parameters, except that UMCR concurrent change with UHCR will be explained by

concurrent change of globulin.

Table 4-4 Linear regression model of UMCR correlation with UHCR. UHCR was set as

the dependent variable, and UMCR parameter in the models was shown.

Adjustment Model UMCR Standardized B t p
(non) 0.342 2.775 0.007*
Model A 0.320 2.549 0.014*
Model B 0.310 2315 0.025*
Model C 0.166 0.891 0.382
Model D 0.264 2.121 0.038*
Model E 0.374 2.902 0.006*
Model F 0.278 2.497 0.015*
Model G 0.360 2.946 0.005*

* Indicates p < 0.05.
Model A = adjusted with sCrea; Model B = adjusted with Het; Model C = adjusted with globulin;
Model D = adjusted with BUN; Model E = adjusted with sodium; Model F = adjusted with USG;
Model G = adjusted with BW.
Abbreviation: UHCR, urinary hemojuvelin-to-creatinine ratio; UMCR, urine malondialdehyde-to-
creatinine ratio; BW, body weight; sCrea, serum creatinine; Hct, hematocrit; BUN, blood urea

nitrogen; USG, urinary specific gravity.
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Table 4-5 Linear regression model of UMCR correlation with UHCR. UMCR was set as

the dependent variable, and UHCR parameter in the models was shown.

Adjustment Model UHCR Standardized B t p

(non) 0.342 2.775 0.007*
Model A 0.319 2.549 0.014*
Model B 0.277 2.121 0.038*
Model C 0.311 2.380 0.021*
Model D 0.308 2.536 0.014*

* Indicates p < 0.05.

Model A = adjusted with sCrea; Model B = adjusted with BUN; Model C = adjusted with
Potassium; Model D = adjusted with age.

Abbreviation: UHCR, urinary hemojuvelin-to-creatinine ratio, UMCR, urine

malondialdehyde-to-creatinine ratio; sCrea, serum creatinine; BUN, blood urea nitrogen.

4.3 Correlation between UHCR, UMCR, and feline CKD

progression

4.3.1 Correlation of clinical parameters, UHCR, UMCR, and progression
within 90 days

Characteristics were compared between cats who have their CKD progressed
(creatinine elevation > 0.5 mg/dL) within 90 days and those who have not. 18 cats were
included into progressed group, while 30 cats were included into non-progressed group.

The uHjv, uMDA, UHCR, UMCR and other clinical parameters were compared between
progressed and non-progressed group and shown in Table 4-6. UHCR, age, sCrea, BUN
and potassium were significantly higher in cats with progressed CKD, while uMDA, Hct
and USG was significantly lower.
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Table 4-6 Characteristics of cats progressed within 90 days and those did not.

Non-progressed (n = 30) Progressed (n = 18) P value
uHjv (ng/mL) 2.94 (1.48,4.78) N=30 3.65(2.01,6.01) N=18 0277
UHCR (¥107) 15.89 (5.58, 39.55) N=30 54.42(25.31,97.96) N=18 0.009*
uMDA (ppb) 1095.75 (541.00, 2057.35) N=30 505.82(295.37,754.56) N=18 0.003*
UMCR (ppb/mg/dL) 5.889 (3.906, 8.652) N=30 5.583(3.821,16.851) N=18 0.701
Age (years) 6 (4, 11.25) N=30 14(8.5,16) N=18 0.002*
Sex (%F) 53.3% N=30 50.0% N=18 0.823
BW (kg) 4.45 (3.56, 4.96) N=27 4.12(2.98,5.26) N=18 0.366
sCrea (mg/dL) 22(1.9,2.5) N=30 3.35(2.375,4.3) N=18 <0.001**
Sys BP (mmHg) 159.0 (133.75, 186.25) N=6  147.5(138.75, 159.5) N=10 0.562
Hct (%) 40.45 (32.55,44.13) N=26 31.7(27.83,35.88) N=16 0.008*
WBC (10%/uL) 7000 (5550, 8900) N=26 8100 (6675, 10675) N=16 0.162
Alb (g/dL) 3.3(3.2,3.5) N=24 33(3.1,3.5) N=15 0.700
Globulin (g/dL) 4.2 (3.93,4.45) N=16 4.3(3.9,4.8) N=7 0579
A/G ratio 0.81 (0.73, 0.87) N=16 0.81(0.79,0.88) N=7 02871
Glucose (mg/dL) 113.5 (94.75, 137.5) N=18 121.5(92.75, 145.5) N=8 0.765
BUN (mg/dL) 27.5(22.0,31.0) N=30 49.5(34.0,72.5) N=18 <0.001**
Phosphorus (mg/dL) 4.4 (4.0,5.4) N=21 4.7(3.1,6.3) N=15 034
Sodium (mmol/L) 155.8 (153.4, 157.9) N=25 154.3(152.2,157.7) N=18 0.209
Potassium (mmol/L)  3.80 (3.59, 4.06) N=25 4.35(3.75,4.73) N=18 0.003*
Chloride (mmol/L) 118.5 (116.2, 119.75) N=25 118.1(116.6, 119.55) N=18 03815
ALKP (U/L) 38 (31.5,47) N=13 35(29.5,39) N=5 0387
ALT (U/L) 44 (37, 55.25) N=14 48(32,99) N=5 0.622
AST (U/L) 28 (21.5,31.5) N=13 26(21.5,34.5) N=5 0.849
USG 1.018 (1.013, 1.0305) N=30 1.0105(1.009, 1.013) N=18 <0.001**
UPC 0.1000 (0.0475, 0.2650) N=14 0.380(0.075, 1.010) N=9 0.083

Difference between groups were evaluated using Mann—Whitney U test (continuous) or Chi-square (categorical).

Data are presented as median (IQR). * indicates p < 0.05. ** indicates p < 0.001.

Abbreviation: uHjv, urinary hemojuvelin, UHCR, urinary hemojuvelin-to-creatinine ratio; uMDA, urinary
malondialdehyde; UMCR, urine malondialdehyde-to-creatinine ratio; BW, body weight; sCrea, serum creatinine; Sys
BP, systolic arterial pressure; Het, hematocrit; WBC, white blood cell count; A/G ratio, serum albumin-to-globulin ratio;
BUN, blood urea nitrogen; ALKP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; USG, urinary specific gravity; UPC, urine protein-to-creatinine ratio.

Simple logistic regression analysis showed sCrea, CKD sub-stage, uMDA, age, Hct,
BUN, potassium and USG differed significantly between cats who progressed within 90

days and those who have not (sCrea, p <0.001; uMDA, p = 0.003; age, p = 0.002; Hct, p
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=0.008; BUN, p <0.001; potassium, p = 0.003; USG, p < 0.001). UHCR and UMCR did

not differ significantly (UHCR p = 0.101; UMCR p = 0.104).

Serum Crea, uMDA, age, Hct, BUN, potassium, and USG were enrolled into stepwise

multiple logistic regression analysis; CKD sub-stage was not enrolled due to dependency

with serum creatinine. BUN and uMDA were remained in the model, with p-value of

0.010 and 0.073, respectively (Table 4-7).

Table 4-7 Logistic regression analysis of 90-day progression and clinical parameters.

Simple logistic regression

Stepwise multiple logistic regression

Variables OR 95% CI for OR P value OR 95% CI for OR p-value
sCrea (mg/dL) 4.153 1.562-11.041 0.004*
CKD sub-stage 13.000 3.086-54.771 <0.001%**
uHjv (ng/mL) 1.138 0.911-1.421 0.256
UHCR (107) 426.671 0.304-598566.388 0.101
uMDA (ppb) 0.998 0.996-0.999 0.008* 0.998  0.995-1.000 0.073
UMCR 1.092 0.982-1.215 0.104
(ppb/mg/dL)
Age (year) 1.230 1.069-1.415 0.004*
BW (kg) 0.830 0.483-1.425 0.499
Sys BP (mmHg) 0.975 0.923-1.031 0.374
Hct (%) 0.872 0.782-0.972 0.013*
WBC (10%/uL) 1.000 1.000-1.000 0.211
Alb (g/dL) 0.676 0.085-5.351 0.711
Globulin (g/dL) 1.736 0.161-18.165 0.649
A/G ratio 3.244 0.001-7499.695 0.766
Glucose (mg/dL) 1.013 0.981-1.046 0.430
BUN (mg/dL) 1.121 1.047-1.199 0.001* 1.110  1.025-1.201 0.010*
Phos (mg/dL) 1.304 0.866-1.963 0.203
Sodium (mmol/L) 0.811 0.710-1.094 0.252
Potassium (mmol/L) 13.971 2.260-86.374 0.005*
Chloride (mmol/L)  0.975 0.800-1.189 0.804
ALKP (U/L) 0.936 0.817-1.072 0.339
ALT (U/L) 1.013 0.979-1.049 0.445
AST (U/L) 0.995 0.865-1.146 0.949
USG 2.86*10 1.45%10-16 -5.65%10"  0.011*
66 16
UPC 1.883 0.505-7.024 0.346
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*Indicates p < 0.05. Bold font indicates p < 0.1 and enrollment into multiple logistic regression analysis.
Abbreviation: uHjv, urinary hemojuvelin, UHCR, urinary hemojuvelin-to-creatinine ratio; uMDA, urinary
malondialdehyde; UMCR, urine malondialdehyde-to-creatinine ratio; BW, body weight; sCrea, serum creatinine; Sys
BP, systolic arterial pressure; Hct, hematocrit; WBC, white blood cell count; A/G ratio, serum albumin-to-globulin ratio;
BUN, blood urea nitrogen; ALKP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; USG, urinary specific gravity; UPC, urine protein-to-creatinine ratio.

4.3.2 Receiver operating curve (ROC) for 90-day progression

To further analyze the prediction value of UHCR and UMCR to 90-day progression,
ROC analysis was conducted. Under ROC analysis, UHCR showed significant predictive
value for CKD progression, with an AUC of 0.728 (p = 0.009). The best cut-off, defined
by maximizing the value of sensitivity plus specificity, was 47.744*10”7. The sensitivity

and specificity for 90-day progression was 0.611 and 0.867, respectively (Figure 4-3).
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Figure 4-3 ROC curve for UHCR > 47.744*10 predicting progression within 90 days.
48 cases with recorded 90-day progression status were included. AUC = 0.728, p-value =

0.009. The best cut-off was 47.744*1077, the sensitivity and specificity were 0.611 and

0.867, respectively.
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4.3.3 Survival analysis for CKD progression

To describe UHCR relation with CKD progression time, we established Kaplan-Meier
(K-M) survival curve of all CKD cases. The endpoint was defined as CKD progression
(serum creatinine elevation > 0.5mg/dL). Cats were grouped into high-UHCR group or
low-UHCR group using cut-off maximizing predictive value for 90-day progression ( =
47.744 *107).

Grouping by UHCR of 47.744 *107 resulted in 40 cats in low-UHCR, 20 cats in high-
UHCR group. K-M curve showed a significant difference in progression time between
two groups, with p-value < 0.001. The estimated median progression time for low- and
high-UHCR group was 556 days (95% CI, 246-866 days) and 81 days (95% CI, 40-122
days), respectively (Figure 4-4).

Survival Functions

1.0
L ~lower
| —IThigher
+ lower-censored

0.8 ) —+— higher-censored

0.6 1 =
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Figure 4-4 Kaplan-Meier survival curve for CKD progression, cases divided by UHCR
of 47.744 *1077.

The estimated median progression time for low-UHCR group was 556 days (95% CI,
246-866 days); the estimated median progression time for high-UHCR group was 81 days
(95% CI, 40-122 days). Log-rank test showed a significant difference in median survival

time between groups (p-value, < 0.001).
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To verify the nature of UHCR predictive value on CKD progression time, we conducted
Cox regression analysis to see whether this correlation can be explained by concurrent
change of other clinical parameters. The results were summarized in Table 4-8.

In brief, the results showed a significant higher risk of progression in high-UHCR group.
This increased risk is independent of age, sex, serum creatinine, BUN, globulin, A/G ratio,
phosphorus, sodium and potassium.

Table 4-8 Cox regression analysis for CKD progression hazard ratio, cases divided by

UHCR = 47.744 *107.

Adjusting model UHCR > 47.744*1077, HR 95% Cl1 p-value
(non) 4337 1.971-9.545 <0.001%*
Model A 4.664 1.969-11.047 <0.001%*
Model B 3.489 1.467-8.297 0.005*
Model C 4.286 1.869-9.829 0.001*
Model D 3.622 1.578-8.311 0.002*
Model E 3.824 1.174-12.455 0.026*
Model F 3.839 1.182-12.467 0.025%*
Model G 3.537 1.485-8.422 0.004*
Model H 3.554 1.597-7.909 0.002*
Model I 3.062 1.345-6.790 0.008*
Model J 2.732 1.122-6.656 0.027*
Model K 4.030 1.752-9.270 0.001*

* Indicates p < 0.05, ** indicated p < 0.001.

Model A = adjusted with age and sex; Model B = adjusted with sCrea and BUN; Model C = adjusted with BW; Model
D = adjusted with Het; Model E = adjusted with globulin; Model F = adjusted with A/G ratio; Model G = adjusted with
phosphorus; Model H = adjusted for sodium; Model I = adjusted for potassium; Model J = adjusted for sCrea, BUN,
and potassium; Model K, adjusted with UMCR.

Abbreviation: UHCR, urinary hemojuvelin-to-creatinine ratio; sCrea, serum creatinine; Het, hematocrit; BUN, blood

urea nitrogen; USG, urinary specific gravity; UPC, urine protein-to-creatinine ratio.
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Chapter S Discussion

To the best of our knowledge, this is the first study looking into the correlation between
urinary Hjv and MDA in cats with naturally-occur CKD. Also, we investigated the

prognostic value of creatinine-adjusted uHjv and uMDA in feline CKD.

5.1 UHCR and feline CKD progression

Our result showed a significant correlation between UHCR and feline CKD progression,
whether within 90 days or throughout whole follow-up period. This predictive value is
independent of age, traditional renal indexes (i.e., BUN and creatinine), globulin, and A/G
ratio.

Renal disease is traditionally evaluated through indirect GFR markers, i.e., sCrea and
BUN. Both markers are known to have low sensitivity, and unable to detect renal injury
that does not affect GFR [4]. A more sensitive biomarker that can directly reflect renal
tissue injury is therefore highly desirable. Hjv had been shown locally expressed in rats’
and human kidneys, and its dysregulation links with multiple organs damage including
kidneys [11, 14]. More specifically, urinary Hjv had been suggested reflecting renal local
injury in both human and rats [11, 16, 17]. In people suffering from renal injury, uHjv
elevates more promptly than sCrea, showing potential to be a more sensitive marker for
renal disease [16, 17].

Although uHjv was previously studied under the context of AKI in human and rats, uHjv
of CKD cats had shown an elevation comparable to that of AKI [18]. Additionally, an
intimate link had been proposed between AKI and CKD [88], and several kidney injury
biomarkers originally identified in AKI had been found to be predictive for CKD
progression in human, dogs, and cats [4, 88]. Taken together, uHjv seems promising to
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serve as a new biomarker for feline CKD, able to directly reflect renal tissue injury and
detect renal disease in an earlier stage.

The mHjv-hepcidin axis had been shown to protect kidneys from local iron deposition
[11]. People with CKD is known to have a conflicting iron status, showing systemic iron
deficiency and local renal iron overload [9], while the latter contributes to renal injury in
both human and rats [6-8]. However, reports on iron status in CKD cats had been focusing
extensively on systemic iron deficiency, with minimal address on renal iron accumulation
[80, 89-91]. Recently, our team had showed an increased uHjv in cats with renal disease
[18], indicating a link between iron and renal damage similar to that in people and rats. A
further look into the tissue-specific iron status is therefore highly warrant, especially as
iron supplementation is frequently used to address systemic iron deficiency in these

patients.

5.2 The correlation between UHCR and UMCR in CKD cats

Our study found a significant positive correlation between UHCR and UMCR. This
correlation is independent traditional renal function indexes (i.e., sCrea and BUN) along
with other clinical parameters, but possibly related to a concurrent change of serum
globulin.

As above mentioned, mHjv cleavage and subsequently down-regulation of the mHjv-
hepcidin axis results in renal iron deposition [11]. Iron catalyze lipid oxidation [82];
therefore, cleavage of mHjv on kidney cells is likely to cause renal lipid peroxidation,
represented by UMCR, and concurrent sHjv release into urine, represented by UHCR.

Additionally, iron contributes to CKD inflammation [6-9, 33]. Inflammation and

oxidative stress are known to be interdependent pathophysiological processes [92]. uHjv
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and iron accumulation can therefore also link to renal MDA production through
inflammation. This hypothesis can be supported by the fact that globulin, an indicator for
inflammation, change concurrently with UHCR and UMCR.

Last but not least, iron accumulation can lead to a newly-described form of cell death,
known as ferroptosis. This kind of cell death is featured by lipid peroxidation, and had
been shown contributes to various types of kidney injuries in rats and human [9, 34, 36].
Correlation between UHCR and UMCR in CKD cats may indicate ferroptosis also play
a role in renal disease of this species, which warrant a further investigation through

ferroptosis-specific biomarkers.

5.3 Urinary Hjv and other clinical parameters in CKD cats

In the present study, UHCR showed a significant negative correlation with USG, and a
positive correlation with BUN. However, we did not find a significant correlation between
UHCR and sCrea, despite UHCR was higher in late-stage CKD compared to that in early
stage.

sCrea evaluate kidney status through indirectly reflecting renal GFR [4]. On the other
hand, Hjv dysregulation and increased urine Hjv concentration is purposed linking to
renal tissue damage in rats and human, as above mentioned [11, 16, 17]. We suggested
that UHCR may also reflect cats’ renal tissue injury. As renal injury may not be
represented with the change of GFR [4], UHCR may failed to correlate with sCrea, since
they evaluate kidney disease from different aspects.

BUN is traditionally viewed as an indirect GFR marker in kidney diseases. However, it
was recently shown that BUN is associated with adverse renal outcome (i.e., dialysis or

death) in human CKD, independent to estimated GFR [93]. This indicates that BUN also
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correlates with renal disease through mechanism other than GFR. The exact mechanism
is currently unclear, but purposed related the tissue toxicity of urea or its dissociation
product, isocyanate [93]. Our finding that BUN was the independent parameter to
influence UHCR indicates that renal injury caused by BUN may also lead to UHCR

elevation.

5.4 Urinary MDA and other clinical parameters in CKD cats

Surprisingly, we found no significant relation between UMCR and CKD progression.
Oxidative stress is a well-described pathologic factor for renal diseases, and Plasma MDA
had been found to correlated with CKD severity in human patients [25-27].

However, a profound difference likely to exist between human and cats regarding the
oxidative stress status during CKD [73]. Reduced-to-oxidated-glutathione ratio, an
indicator for renal anti-oxidant capacity, was decreased in human CKD, but elevated in
feline CKD [94]. Moreover, the serum glutathione peroxidase activity, which indicates
body anti-oxidative ability, was found to be higher in cats with stage 4 CKD compared to
healthy cats. This also contradicted studies in human CKD [95]. Together, these findings
may indicate a difference between human and feline oxidation status during CKD, leading
to different oxidative indicators patterns [73, 94, 95].

UMCR showed an independent positive correlation with serum potassium. Declined
GFR had been linked to hyperkalemia in both general population [96] and patients with
CKD [97], proposed due to decreased urinary excretion. The positive correlation between
UMCR and serum potassium can therefore indicate a correlation still exist between

UMCR and GFR, despite this change of GFR failed to reflect on sCrea.
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5.5 Limitations

Our study has several limitations. First, the retrospective nature of the study limited our
ability to obtained complete clinical parameters in every cases. Some parameter of
potential importance, ex. urine protein-to-creatinine ratio, failed to build significant
regression model under multiple Cox regression analysis due to small sample size.
Retrospective design also limits us from obtaining complete records of several clinical
settings potentially important for our results, including body condition score, diet, iron
supplementation, and a standardized evaluation of hydration status. Also, we did not
include control group to allow comparison between healthy and diseased cats. However,
our team had previously evaluated difference between healthy and CKD cats, on both
UHCR [18] and UMCR (Chang et al. 2021, unpublished data). Considering limited
sample volume, a repeated evaluation of healthy control was not deemed necessary.
Finally, urine soluble Hjv will be most ideally interpreted along with membranous Hjv in
kidney tissue. This, however, will require a tissue biopsy, which is not practical to obtain

for most client-own cases.

5.6 Conclusions

UHCR showed a significant prognostic value for feline CKD progression independent
of traditional renal indexes (i.e., BUN and creatinine). Meanwhile, UMCR did not predict
CKD progression, but correlated significantly with UHCR. Therefore, UHCR-related iron

dysregulation may deteriorate CKD partially through lipid oxidation in cats.
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