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Abstract: Anemia is a well-developed discipline where the concepts of precision medicine have, in part and
being studied extensively. This review discusses the treatment of EPO-deficient anemia and resistance in
Chronic Kidney Disease (CKD). Traditionally, erythropoietin-stimulating agents (ESA) and iron
supplementation have been used to manage anemia in CKD. However, these treatments have potential risks,
including cardiovascular and thromboembolic events. Newer treatments have emerged to address these risks,
such as slow-release and low-dosage intravenous iron, oral iron, and erythropoietin-iron combination therapy.
Another novel approach is using hypoxia-inducible factor prolyl hydroxylase inhibitors (HIF-PHI). This review
highlights the need for precision medicine targeting genetic components of EPO-deficient anemia in CKD and
discusses individual variability of genes such as the erythropoietin gene (EPO), Interleukin- gene (IL-3), and
hypoxia-inducible factor gene (HIF). Pharmacogenomics testing aims to provide targeted therapies and
interventions that are tailored to the specific characteristics of an individual, optimizing treatment outcomes
and minimizing resistance and adverse effects. The article concludes by suggesting the potential of receptor
modification to revolutionize treatment outcome of erythropoietin deficiency anemia through integration of
the mentioned approach.

Keywords: precision medicine; erythropoietin-deficiency anemia; HIF-PHI; pharmacogenetics;
inflammation

1. Introduction

Anemia is a common complication of Chronic Kidney Disease (CKD) and can significantly
impact the quality of life of affected individuals. Treatment for anemia in CKD has focused on
administering erythropoietin-stimulating agents (ESA) and iron supplementation. Mircera (methoxy
polyethylene glycol-epoetin beta) and Aranesp (darbepoetin alfa) are two of the most commonly used
ESAs. They work by increasing the production of red blood cells, which helps alleviate anemia
symptoms. However, these drugs can also increase the risk of cardiovascular and thromboembolic
events, particularly in patients with advanced CKD [1,2].

Recently, new treatments offer additional options for managing erythropoietin (EPO) deficiency
anemia in CKD. One such treatment is modifying conventional iron therapy [3]. Intravenous iron,
oral iron, and erythropoietin-iron combination therapy have all been used to improve iron stores and
support red blood cell production. However, oral ferrous (Fe2+) compounds can cause
gastrointestinal side effects, and intravenous iron (IV) therapy can be associated with a risk of
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anaphylaxis [4]. Therefore, newer formulations of IV iron utilising slow release and low dosages are
being considered.

Another novel approach is the hypoxia-inducible factor prolyl hydroxylase inhibitor (HIF-PHI),
Roxadustat and Daprodustat. HIF-PHIs increase endogenous erythropoietin production and red
blood cell production, which can improve the symptoms of anemia without the risks associated
with exogenous erythropoietin. Clinical trials; OLYMPUS and DOLOMITIES have shown that
Roxadustat is effective in treating anemia of various comorbidity, with a favourable safety profile
[5,6].

One of the most unmet needs in EPO-deficiency is the identification of causative genetic
mutations that can facilitate personalised medicine. EPO-deficiency encompasses a broad range of
genetic involvement. However, molecular diagnosis needs to be established in clinical setting to
avoid unnecessary costly and invasive treatments. Out of the many genes involved in this
mechanism, we focused on erythropoietin gene (EPO), Interleukin-3 gene (IL-f) and hypoxia-
inducible factor gene (HIF).

This review article focuses on the three approaches in treating EPO-deficient anemia in CKD.
We will discuss current treatment options; practical advantages and shortcomings, precision
molecular medicine targeting genetic components, and emerging alternative therapy.

2. Overview of Pharmacogenetics

Pharmacogenetics focuses on the influence of single gene polymorphism on drug response. It
speaks of the variation in how people respond to medicinal therapy, which is a rapidly expanding
field in molecular biology and clinical medicine. With the advent of genetic testing,
pharmacogenetics, a word that gained popularity in the 1930s, has now been rediscovered [7]. Up to
95% of the variability in treatment response can be attributed to genetic variables. However, other
elements including culture, behaviour, and environment may significantly impact how many of these
variants vary. When members of the same family with the same inherited condition respond
differently to the same medical treatment, this is an example of genetic factors playing a role in the
process [8].

A single nucleotide polymorphism (SNP), often known as a genetic variation, is a change in the
nucleotide sequence that affects the pharmacokinetics and pharmacodynamic characteristics of
medications [9]. Pharmacogenomics testing are designed to find patients who respond or do not
respond to treatment, interact with other drugs, experience side effects, or need their dosage adjusted
[8]. Pharmacogenetics has become a vital subject due to the idea of individualized medication. In the
field of medicine known as "personalized medicine," treatment choices are based on the entire
patient's data, taking into account their individuality. This data consists of genetic, environmental,
and quality of life information.

3. Impact of Iron Deficiency and Treatment

Chronic kidney disease is largely considered an inflammatory disease which affect
hematopoietic function and pathway [10]. There are two types of iron deficiency which disrupts the
EPO production, namely absolute and relative [11]. Absolute iron deficiency occurs when there is
diminished level of iron in the body due to halted iron absorption or severe blood loss. Individual
will typically present with decreased iron, ferritin, transferrin saturation and increased total iron
binding capacity (TIBC). Relative iron deficiency is on the contrary due to inefficient use of stored
iron which occurs due to inflammation, genetic mishap or EPO deficiency [4].

Iron supplementation therapy typically given in the form of iron-containing oral supplements
such as Ferric maltol; non salt based iron. Ferric maltol has been shown to be more effective than
other iron salts, with fewer side effects in its phase III trial. Evidences from the 1-year AEGIS-CKD
[12], trial shows this compound is able to normalise and sustain Hb level with much lower rate of
gastrointestinal disorders as compared to ferrous sulfate [13]. Although this compound has been
licensed in US and Europe for iron-deficiency anemia [14], its efficacy and safety profile is still under
assessment in CKD patients. Newer intravenous iron supplementation treatments such as Ferric
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Carboxymaltose (FCM), also known as "Ferinject” or "Injectafer” and Ferric Derisomaltose (FDM) also
known as Monofer were formulated to improve safety and reduce hypersensitivity reaction. FCM
and FDM is a highly-concentrated form of iron that utilizes a unique iron-carbohydrate complex and
can be administered quickly in a single or few IV doses [15,16]. However, it is important to note that
the use of IV iron in patients with CKD requires careful monitoring and close collaboration between
the patient's nephrologist and hematologist. This is because patients with CKD may have other
underlying conditions that can affect the absorption and utilization of iron [17]. Additionally, patients
with advanced CKD may have difficulty excreting excess iron, which can lead to iron overload and
further complications. In the case of functional iron deficiency which is usually caused by
underutilization of EPO due to hepcidin upregulation, IV iron may cause iron overload toxicity and
enhance oxidative stress. In an attempt to compare the safety profile of FCM, FDM and iron sucrose
in terms of hypersensitivity using robust and reliable method, Pollock and Biggar [18] concluded the
risk of hypersensitivity in FDM is relatively lower compared to the other two compounds.

4. Erythropoietin

In the normal kidney, renal EPO-producing cells (REPs) are peritubular interstitial fibroblast-
like cells and pericytes [19] which control EPO gene expression primarily through the hypoxia-
inducible factor (HIF) pathway [20]. EPO acts as the primary hormone regulator of erythrocytes
production or erythropoiesis in the bone marrow. It is also being synthesized by the liver [21] and
the brain, however the amount synthesized by these tissues alone is insufficient to maintain adequate
erythropoiesis [22]. According to Nangaku et al [23], EPO deficient may be due to constant
inflammatory cell infiltration. At cellular level, production of EPO in REPs is regulated by the number
of EPO-producing cells by “on” or “off” mechanism, which changes explicitly responding to hypoxia
and or anemia . Under normal conditions, the REPs possess EPO-producing ability but do not
produce EPO (OFF-REPs). In healthy individuals, when oxygen supplies decrease or oxygen
demands rise, the OFF-REPs begin to produce EPO through HIF-mediated EPO-gene transcription
(ON-REPs) [24]. In CKD patients, however, sustained inflammation in renal fibrosis become the
major contributor to EPO deficiency as fibrotic kidneys with damaged REPS transform into
myofibroblasts, causing the concomitant repression of their ability to produce EPO [24].
Pathophysiology of inflammation and linked genetic factors.

5. Pathophysiology of inflammation and linked genetic factors

Serum erythropoietin in anaemic patients without renal failure but inflammation due to other
reasons was lower as compared to levels in similarly anaemic patients without inflammation
demonstrated the relationship between inflammation and impaired erythropoiesis [25,26]. Signalling
mediators of pro-inflammatory and pro-fibrotic pathways such as GATA-2 , NF-KB, TGF{3/Smad
often play a role in direct and indirect suppression effect on EPO-regulatory mechanism [26,27].

GATA family's transcription factor, GATA-2, binds to the GATA-motif in the vicinity of the
transcriptional initiation site of the EPO promoter in the -30 region [28]. Some evidence showed that
functional activation of the GATA-2 signalling pathway by pro-inflammatory cytokines leads to
impairment of EPO production. Observations from a study revealed that GATA-2 suppresses EPO
gene expression in cell culture. When the TATA element was transfected, EPO gene promoter activity
rose 2.5-fold, however pro-inflammatory cytokines decreased EPO gene promoter activity in cells
transfected with pGATAwt relative to control cells [27]. This result suggests that signal transduction
pathways of the cytokines may be modulated by GATA-2 causing lower production of EPO in
inflammation conditions.

NF«B signalling is also responsible for negative regulation of EPO gene transcription due to
competition with co-activators of hypoxia-induced EPO gene expression [29]. The activity of
transcription factor NF-kB is closely related to the processes of activation, proliferation and cells
differentiation into myofibroblasts [24]. Souma, et al. [24] revealed that the sustained activation of
NFkB signals in renal erythropoietin-producing cells results in a phenotypic transition. These
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findings showed that despite NFkB signal being important for repressing erythropoietin production,
it is also attributed to transforming EPCs to myofibroblasts.

Another major signalling pathway involved in the pathogenesis of fibrosis with concomitant
loss of EPO is TGF3/Smad3 [30]. Activated TGFf functions via Smad-dependent and independent
signalling pathways as a major pathway in many pathophysiological processes of kidney diseases
[31]. It is well-recorded Smad3 is a strong downstream mediator of renal fibrosis in diabetic
nephropathy [32] hypertensive nephropathy [33], obstructive kidney disease and glomerulonephritis
[34]. In contrast, Smad2 acts as reno-protective by competing with Smad3 signalling through
phosphorylation and nuclear translocation [33].

Elevated levels of proinflammatory cytokines and inflammation-related indicators, define renal
fibrosis in CKD and loss of EPO production [35]. Gene transcription and cytokine release may be
affected by cytokine gene polymorphisms, which could modulate the renal fibrosis and EPO-
deficient anemia progression risk [36]. Figure 1 summarise the pathophysiology of inflammatory
cytokine that causes anemia and EPO resistance.
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Figure 1. Inflammatory cytokines leading to anemia. IL-6, interleukin-6; IL-1, interleukin-1; IFN-a, -

B, -V, interferon-a, -, -y; TNF-a,tumor necrosis factor-o; EBFU, erythroid burst-forming units; ECFO,
erythroid colony-forming units; 1, increase; |, decrease ; FNP, ferroportin DMT1, divalent metal
transporter 1, [10], Permission obtained].

Interleukin-6 (IL-6) gene is found in chromosome 7p21, and consists of five exons and four
introns. IL-6 has several polymorphisms in the promoter region -174 G to C and -597 G to A. IL-6 is
rapidly expressed in a highly transient manner during inflammation. Mutation at rs2228145 has been
associated to renal disease due to inflammation and causes renal fibrosis [37]. Previous study in
dialysis patients by Sharples, et al. [38] have shown the influence of IL-6 (-174 G/C) polymorphism on
ESAs responsiveness. They observed that there was a significantly higher ESAs requirement in the
GG and GC ACE genotypes compared with the CC group, which remained an independent
association.

Tumour Necrosis Factor (TNF) is a pro-inflammatory cytokine produced by immune cells and
adipocytes. In CKD, there is an increased production of TNF as a result of inflammation and oxidative
stress. Elevated TNF levels can have multiple effects on the body, including the suppression of EPO
production by the kidneys [10]. TNF-a inhibits the production of EPO in the kidneys by interfering
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with the transcription of the EPO gene and by promoting the destruction of EPO-producing cells.
This inhibitory effect of TNF on EPO production contributes to the development of renal anemia in
CKD patients [39].

The IL-1 gene cluster on chromosome 2q contains 3 related genes within a 430-kb region, IL- 1a,
IL-1B, and IL-1RN, which encode the pro-inflammatory cytokines IL-1at and IL-1p The IL-13-511C/T
(rs1143627) single nucleotide polymorphism (SNP) has been associated with a variety of diseases in
which inflammation plays an important role [40]. Jeong, et al. [41] reported that the IL-13-511CC
genotype was significantly associated with lower ERI values in haemodialysis patients. In this study,
patients with the IL-13-511 TT genotype also showed a significantly higher mean IL-1f level (0.9 +
0.6 pg/mL), compared to those with the IL-13-511CC genotype (0.3 + 0.3 pg/mL; P = 0.02) [41].

6. Erythropoietin Treatment and Resistance

According to KDIGO guidelines (2013) [42], it is recommended that for anemic patients with
CKD not on dialysis, Erythropoietin Stimulating Agent (ESA) treatment should be considered when
the haemoglobin level is <10 g/dL. It must be individualized based on the rate of fall of haemoglobin,
prior response to iron therapy, the risk of needing a transfusion, the risks related to ESA therapy, and
the presence of symptoms attributable to anemia [43]. A third generation ESA; darbepoetin alpha
that is modified from EPO by insertion of a large pegylation chain to make it longer acting, called
continuous EPO receptor activator has been approved for marketing [44]. Although ESA has been
said to improve patient’s quality of life, reduced hematopoietic response to ESA treatment has been
associated with increased risk of adverse outcomes [45,46]. Patient with heart condition is often
linked to higher erythropoietin resistance [45] [47]. Safety concerns regarding ESA therapies have
paved the way for the development of a new class of drugs. Table 1 lists the current treatment
approach [8].

Table 1. Current recommendations on the treatment of anemia [10].

Stages of Chronic Renal Disease

s [« E [so

Investigation of Anemia Complete blood count

Absolute reticulocyte count

Serum ferritin and transferrin saturation (TSAT)
Serum vitamin B12 and folate levels

Diagnosis of Anemia Adules and children aged >15 years: Hb concentration of <13.0 g/dl for
males and <12.0 g/dl for females

Children: Hb concentration of <1 1.0 g/dl for ages 0.5-5 years, <1 1.5 g/
di for ages 5—12 years, and <12.0 g/dl for ages 12—15 years

Monitoring Not anemic (when clinically indicated and ...) Annually Twice per year Every 3
months
Anemic but not on EAS (when clinically indicated Every 3 months HD: Monthly
and ...) PD: Every 3
months
Drug Iron agents Initiation Adults: TSAT < 30% and ferritin < 500 mcg/l TSAT< 20%
Treatment Children: TSAT <20% and ferritin <100 mcg/| and ferritin <
100 wiL
Maintenance Based on Hb responses to recent iron therapy and ongoing blood

losses, iron status tests (TSAT and ferritin), Hb concentration, ESA
responsiveness and ESA dose in ESA-treated patients, trends in each
parameter, and the patient’s clinical status

EAS | Initiation Adults with Hb concentrations of <10.0 g/dl and for | When the Hb
all pediatric patients with consideration of potential | concentration
benefits and harms is between 9.0
and 10.0 g/dI
Maintenance Based on the patient’s Hb concentration, rate of change in Hb

concentration, current ESA dose, and clinical circumstances
Pediatric: ESA therapy aimed at a range of 11.0 to 12.0 g/dl
Use of iron indexes to help guide therapy, with considerations of
infection risk from excess iron and ESA r

P

Hypor i D (Initial) No increase in Hb concentration from baseline after the first month of
ESA treatment on appropriate weight-based dosing

Diagnosis After treatment with stable doses of ESA, patients require 2 increases
(Subsequent) in ESA doses up to 50% beyond the dose at which they had been stable
to maintain a stable Hb concentration

it Tr for specific causes of poor ESA response

Individualization of therapy, accounting for relative risks and benefits

Precautions Administration of IV iron is i in with active

infections

Monitoring for 60 minutes after IV iron infusion

Addressing correctable causes of anemia prior to initiation ESA therapy
ESA therapy not to be used to intentionally increase the Hb
concentration to >13 g/d|

ESAs are to be used with caution in patients with a history of
malignancy, active malignancy, and a history of stroke

Notes: Data from Kidney Disease Improving global outcomes Anemia work group.®
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7. Precision Medicine in EPO Deficiency and Treatment Resistance

There has been substantial amount of interest in creating a gene therapy approach to deliver
EPO in a way single infusion of the EPO gene would guarantee EPO delivery for long term. An
attempt was made and the investigators manage to establish the hypoxia regulatory mechanism in
line with homeostatic system giving it a natural approach. They have also spelled out the promotor
OBHRE region increases the hematocrit level gradually and safely in the relevant anemic mouse
model [48].

In a different approach, EPO from human cells (hEPO) was manufactured to directly secrete
EPO without any further formulation to reduce risk of antibody production. This study was carried
out by Lippin, et al. [49] using Biopump transduced with the clinical-grade Ad-MG/EPO-1 (Ad5 E1/E3
deleted) expressing hEPO yielded a promising result.

However, it is important to note that gene therapy is still an emerging field and is not yet widely
available for clinical use. Clinical trials are currently underway to evaluate the safety and efficacy of
gene therapy for various genetic conditions, including EPO deficiency caused by mutations in the
EPO gene.

8. Genetic Factors of EPO Deficiency and Treatment Resistance

The human EPO gene is located on chromosome 7q21 which is well known for harbouring
increased susceptibility to diabetic nephropathy [50]. Endogenous and recombinant EPO stimulates
erythropoiesis by binding to the erythropoietin receptor (EpoR). The mRNA alternative splicing can
give rise to the soluble form of the receptor (sEpoR) which lacks the transmembrane domain. sEpoR
acts as an antagonist of EPO due to its higher affinity for EPO which can lead to resistance towards
ESA. Moreover, in vitro experiments by Tong et al [51] have shown that a single nucleotide
polymorphism from G to T in EPO promoter (rs1617640) can alter the EPO mRNA levels [52]. The
predisposition in this promoter region might also contribute to EPO-deficiency in pre-dialysis
patients therefore needs to be investigated.

Pro-inflammatory genes are widely studied for their role in anemia of chronic diseases and
known to cause ESA resistance [53]. Jeong, et al. [41] reported that the IL-13-511CC genotype was
significantly associated with lower erythropoietin resistance values in haemodialysis patients.
Polymorphism in this region has shown to reduce EPO mRNA expression and erythropoietin
secretion in the human hepatoma cell lines. According to Nangaku and Eckardt [23], this EPO
deficient may be due to constant inflammatory cell infiltration led to decreased production of EPO.
Several pathways have been identified for their role in attributing the inflammatory conditions in
renal fibrosis and eventually leads to EPO deficiency anemia (Figure 2).

The Hypoxia Inducible Factor (HIF) was first discovered during the identification of hypoxia
responsive element (HRE) in the erythropoietin gene in 1991 [54]. Besides regulating oxygen by
signalling EPO gene, it also plays a role in stem cell maintenance, growth factor signalling, epithelial-
mesenchymal transition, angiogenesis, and metabolism [55,56]. Under normoxic conditions, HIF is
rapidly ubiquitinated and degraded, a process primarily controlled by a family of oxygen-dependent
prolyl hydroxylases (PH). However, hypoxia triggers stabilization of HIF-1a, gets translocated from
cytoplasm to nucleus and heterodimerizes with HIF-13 which protects it from VHL-mediated
proteasomal degradation. Transcriptionally active HIF complex formed by heterodimerization
associates with HRE in the regulatory regions of target genes and binds to transcriptional coactivators
to induce EPO gene expression [57,58].
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Figure 2. Pleotropic effects of PH inhibition.

9. Hypoxia Inducible Factor-Prolyl Hydroxylase Inhibitors (HIF-PH)

HIF-PH inhibitors target the activity of prolyl hydroxylase (PH) enzymes, which play a key role
in regulating the stability and activity of HIF [59]. PHs belong to the iron and a-ketoglutarate (a-KG)-
dependent dioxygenase superfamily and it has several identified isoforms; PH 1, 2 and 3 [60]. It
exhibits overlapping but different tissue expression levels, and their subcellular localisation varies
[61]. PH 2 is often associated with HIF-1a in normoxia regulation and any loss of function towards
PH 2 causes familial erythrocytosis [62]. PH 3 on the other hand, is the regulator of HIF-2a and
found to be overexpressed in hypoxic conditions [63]. There have been several recent studies
investigating the potential use of HIF-PH inhibitors as a treatment for CKD [64-66]. By blocking the
activity of these enzymes, HIF-PH inhibitors can increase the activity of HIF and trigger the cellular
responses to low oxygen levels that it regulates and stimulate erythrocyte production, potentially
alleviating symptoms of anemia .

CKD is associated with inflammation, which in turn causes functional iron deficiency and ESA
hypo-responsiveness. HIF is believed to improve these two factors since it plays a crucial role in
regulation of cellular response to low oxygen levels and reportedly reduced serum hepcidin [66]. It
was also noted by researchers that HIF-1a and its isoform 2a has a role to play in clear cell renal
carcinoma (ccRC) but its functional significance is not clear in the development stage [67]. Earlier
investigation revealed tumour cells often present with over expression of HIF-1a. The overexpression
of either of the isoform was also associated with cardiomyopathy [68]. However recent evidence
shows these two isoforms have opposing outcomes [69]. Pleotropic effects (Figure 2) of HIF also lead
to metabolic changes investigation, for instance improvement in glucose tolerance and insulin
sensitivity in mouse model was observed by Sugahara et al [70]. Both isoforms for HIF are shown to
be expressed in innate immunity [71] and HIF-1a in adaptive immunity [72].

In clinical trials, Roxadustat users experienced higher rates of upper respiratory infections,
pneumonia, and urinary tract infections than the control group, which may be related to
immunological regulation brought on by PH inhibition [5]. While it is true that HIF-PHIs have been
tolerated well in clinical trials, there may still be some worries on copper toxicity. Nakamura, et al.
[73] first describe four cases of individuals with renal anemia who had elevated serum copper
levels. HIF-PHI medication, which returned to normal following switching from HIF-PHI to
darbepoetin alfa, indicates that HIF-PHI may be linked to elevated serum copper levels. Since
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genomewide analysis of HIF transcriptome shows at least 500-1000 genes are under the control of
HIF, stabilising this factor to improve oxygen sensing mechanism might affect other complex
pathophysiology in the long term.

Fishbane [5,74] has reported in his phase 3 trial namely OLYMPUS and ROCKIES that regardless
of inflammation, Roxadustat improved haemoglobin level in comparison to placebo and epotin alfa
group. Daprodustat or Duvroq is another potent HIF-PH 1-3 inhibitor which was first approved in
Japan for renal anemia treatment on June 2020 (GlaxoSmithKline) [75]. However, this molecule is
still under investigation in many countries (NCT03029247; 205665; ASCEND-BP and NCT03457701;
201771; ASCEND-Fe) and FDA after reluctancy, finally approved it in February 2023. There are
several other HIF-PH inhibitors are being developed and studied in order to target several patient
cohorts for example dialysed dependent patients. Vadadustat (AKB-6548) developed by Akebia
therapeutics, inhibits all 3 PHs with increased affinity towards PHD3 [76]. Molidustat and
enarodustat are also under phase III clinical trial by different pharmaceutical companies with
considerable efficacy and safety profile in phase 2 trial. Several review articles have summarised the
phase 3 clinical trial evaluating efficacy of HIF-stabilisers for non-dialysis population and the table
can be found in [77] and [78].

10. Future Treatment Approachess

The latest molecule that is being researched is known as Tetrahydropyridin-4-
ylpicolinoylglycines and this target to inhibit PH-2 [79]. This targeted approach might improve
selective binding and reduce some of the undesirable pleotropic effect of HIF stabilisers. In the
context of personalised medicine, association between ABO blood group and HIF PH showed that
Roxadustat have a better therapeutic efficacy in A blood group and Daprodustat in O blood group
hemodialysed individuals [80]. While recombinant EPO treatment is not entirely disadvantageous to
all patients, a more personalised approach treatment target will be beneficial. For instance according
to Joksimovic Jovic, et al. [81], elevated serum ferritin, increased catalase activity contributes to short
acting EPO resistance. Oxidative stress, poor nutrition, chronic inflammation and vitamin D
deficiency increase risk of long-acting EPO resistance. Kidney cells are prone to iron overload which
causes ferroptosis; regulated cell death due to iron overload. This aggravates CKD and renal anemia
causing irregular iron metabolism [82]. It is believed that anemia in CKD develops as the number of
renal EPO-producing cells and the production of fibroblast-derived erythropoietin is decreased
despite the tissue hypoxia caused by anemia . As a result, EPO deficiency anemia becomes the major
cause of anemia in CKD [19]. Wang, et al. [83] attempted to demonstrate ferroptosis could be a novel
target approach in delaying CKD which eventually led to renal anemia.

Table 2. Summary of trials focusing on newer treatment approach.

Future Author/Year | Country | Study Results

treatment of study | population,

improvement Sample size (n)

focus

Selective Su, etal. [79] | China In-vivo On-going trial

inhibition of (n=25)

PH2

HIF-PH Funakoshi Japan Hemodialysed | | Treatment Blood | Efficacy%
inhibition [80] (n=163) group
according to Roxadustat A 47
blood group Dopradustat | O 55

doi:10.20944/preprints202306.1893.v1


https://doi.org/10.20944/preprints202306.1893.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 June 2023

doi:10.20944/preprints202306.1893.v1

Comparison | Xiuling, etal. | China Hemodialysed | There is no significant difference in

between [84] (n=88) terms of medication safety in both

weekly single groups

dose and

divided

moderate

dose of

rHuEPO

Ferroptosis is | Wang, et al. | China Mouse model | 1. Disordered iron metabolism is an

potential [83] (n=24) important contributor to ferroptosis.

therapeutic 2. Showed presence of ferritinophagy

target in CKD in CKD rats.
3. Regulation of iron metabolism and
TGF-1/Smad3 pathway can
interfere in the progression of renal
damage.

11. Potential Approach from the Perspective of Drug Design and Development for Treatment
Resistance in Erythropoietin Deficiency Anemia : Receptor modification

Receptor modification can occur through a variety of mechanisms, such as changes in the
receptor’s gene expression, post-translational modifications (such as phosphorylation, glycosylation,
or acetylation), or alterations in the receptor's structure or conformation. These modifications can
affect the receptor's sensitivity or specificity to certain ligands (molecules that bind to the receptor),
its signalling efficiency or duration, or even its ability to interact with other proteins or downstream
effectors. For example, the EpoR can be engineered to have a higher affinity for EPO, allowing it to
bind EPO more effectively and stimulate erythropoiesis more efficiently. Alternatively, the EpoR can
be modified to have a longer half-life, which would prolong its activity and allow it to stimulate
erythropoiesis for a longer period of time. Utilizing computational techniques to model the
erythropoietin receptor and perform molecular simulations. These simulations can help identify
potential binding sites, predict conformational changes, and assess the impact of specific
modifications on receptor function [85].

12. Conclusions

EPO-deficiency is a complex mechanism involving many pathways. Comorbidities such as
dyslipidaemia, hypertension and diabetes are also contributing factor to this condition. Besides that,
concomitant drug usage such as ACE inhibitors, statins, diuretics, anti-platelets, oral diabetic agents
and so on are also widely investigated as potential biomarkers. The identified or known pathway is
being extensively researched to provide a more personalised treatment and achieve good treatment
efficiency. For example, drugs that target specific molecular pathways involved in EPO production
or response. These targeted therapies may be identified through genetic testing and personalized
treatment plans. Investigation on the biomarkers is also on the rise and genetic contribution to the
pathophysiology should also be investigated. Some genetic polymorphism and expression may result
in variation of individual response to ESA treatment. Delivering EPO based on physiological demand
will also reduce adverse events and unnecessary cost for the patients.
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