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ABSTRACT

Alport syndrome is a hereditary disorder characterized by progressive renal dysfunction, sensorineural hearing loss, and
ocular abnormalities, resulting from mutations in COL4A3, COL4A4, COL4AS. The clinical phenotype ranges from isolated
hematuria to early-onset end-stage renal disease, with variability determined by inheritance patterns and specific genotypes.
Diagnosis relies on combination of clinical assessment, renal biopsy with electron microscopy, and targeted genetic testing,
enabling precise characterization of disease severity and informing management strategies. Current therapeutic approaches
focus on renoprotective interventions, primarily angiotensin-converting enzyme inhibitors and angiotensin receptor blockers,
with emerging evidence supporting adjunctive use of sodium-glucose cotransporter 2 inhibitors. Novel experimental
therapies, including endothelin receptor antagonists, glucagon-like peptide-1 receptor agonists, microRNA-targeted
treatments, and gene or stem cell-based strategies, aim to address underlying molecular mechanism, though long-term safety
and efficacy require further investigation. Advances in understanding genotype-phenotype correlations, combined with
improvements in diagnostic workflows and therapeutic modalities, provide opportunities to slow disease progression,
optimize clinical outcomes, and improve quality of life. This review summarizes current knowledge of AS, emphasizing
clinical heterogeneity, diagnostic approaches, and evolving treatment paradigms.

Methods: A comprehensive literature review was performed, using peer-reviewed sources, supplemented with data from
recent clinical trials and preclinical studies. The review focused on recent advances in genetics, pathophysiology, clinical
phenotypes, inheritance patterns, genotype-phenotype correlations, diagnostic workflows, and therapeutic developments in
Alport syndrome.

Conclusion: Advances in genetic diagnostics have enabled earlier detection and improved prognostication in AS. While
current therapies focus on slowing renal decline, novel targeted interventions my transform disease management in the future.
Ongoing clinical trials will determine their long-term efficacy and safety.
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1. Introduction

1.1 Alport Syndrome

Alport syndrome (AS) is a rare inherited genetic disorder caused by mutations in genes encoding type
IV collagen, a key structural component of basement membranes. [1] Type IV collagen is present in many
tissues, particularly in the kidneys, inner ear, and eyes. Therefore, AS affects multiple organ systems,
manifesting as progressive kidney failure, hearing loss, and ocular abnormalities. [2] The estimated prevalence
is approximately 1 in 50, 000, with disease expression varying according to sex and mode of inheritance. AS
is transmitted in three primary patterns: X-linked, autosomal dominant, and autosomal recessive, with the X-
linked form being the most common, predominantly affecting males. Damage to type IV collagen results in
characteristic alterations in basement membrane architecture, leading to significant clinical consequences,
including progressive renal failure, hearing impairment, and visual loss. [3]

The clinical presentation of AS is heterogeneous, with symptom onset renging from childhood to
adulthood. Microscopic hematuria is often the earlies manifestation, progressing to proteinuria and chronic
kidney disease (CKD) over time. Hearing impairment may be congenital or, more frequently, progressive,
while ocular abnormalities, such as anterior lenticonus, corneal opacification, and retinopathy, are also
common clinical features of the disease. [4]

Despite advances in diagnostic methods, AS remains both a diagnostic and therapeutic challenge. Early
identification, facilitated by modern techniques such as DNA sequencing, is essential for implementing targeted
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therapeutic strategies that can delay the disease progression. Growing research interest is focused on novel treatment,
including gene therapy, which may offer the potential for disease-modifying interventions. [5]

The purpose of this review is to present the current state of knowledge regarding molecular mechanisms,
diagnosis, and treatment of AS. It also discusses recent advances in understanding disease pathogenesis and
explores both established and experimental therapies that may, in the future, improve the quality of life for
patients affected by this rare condition.

2. Molecular Genetics and Pathophysiology

AS is a hereditary nephropathy characterized by progressive renal failure, sensorineural hearing loss,
and ocular abnormalities. The disorder results from mutations in genes encoding type IV collagen, an essential
structural component of basement membranes in the kidney, cochlea and eye. Specifically, pathogenic variants
in COL4A3, COL4A4, and COL4AS5 disrupt the formation of the a3a4a5 collagen IV network, leading to
basement membrane dysfunction and the characteristic clinical manifestations of the syndrome. [6]

2.1. Genetic Basis

Approximately 80-85% of AS cases are inherited in an X-linked manner due to pathogenic variants in
the COL4A5 gene. These mutations predominantly affect males, who typically experience more severe and
rapidly progressive disease, whereas heterozygous females may present with milder symptoms. Autosomal
recessive AS, resulting from mutations in both alleles of COL4A3 or COL4A4, accounts for approximately
15% of cases and affects both sexes equally. [7] Around 20% of patients inherit the disorder in an autosomal
dominant manner, caused by mutations in the COL4A3 or COL4A4 genes. This form generally presents with
similar clinical and pathological features to the X-linked type but demonstrates slower progression of renal
impairment and less frequent auditory or ocular involvement.[8]

Recent studies have also identifies digenic inheritance patterns, in which mutations in two different
collagen genes contribute synergistically to the disease phenotype. This genetic complexity underscores the
importance of comprehensive molecular testing in all suspected cases of AS. [9, 10]

Genotype-phenotype correlations play a pivotal in understanding the natural history of AS and in
providing accurate prognosis information and genetic counselling. The severity of clinical manifestation,
including the age at onset and rate of progression of renal failure, hearing loss, and extrarenal features, varies
according to the specific pathogenic variant in COL4A3, COL4A4 and COL4AS.

2.2 Pathophysiological Mechanisms

Type IV collagen is essential for the structural integrity of basement membranes. In AS, mutations in
COL4A3, COL4A4 or COL4AS5 disrupt the assembly of the a3a4a5 collagen IV network. This defect results
in thinning, splitting, and lamellation of the glomerular basement membrane (GBM), compromising its
filtration function. [10] Consequently, a damaged GBM allows blood cells and protein to leak into the urine,
causing hematuria and proteinuria, and eventually leading to CKD and end-stage renal failure (ESRD). [11]

Most AS cases are caused by X-linked mutations in COL4AS5, which are associated with early-onset ESRD
and hearing loss, particularly in males. Large deletions and nonsense mutations are correlated with severe
phenotypes, leading to rapid progression to ESRD, often before the age of 30. In contrast, missense mutations lead
to milder phenotypes with delayed onset of renal failure, typically after the third decade of life. [13]

Additionally hearing impairment in AS usually develops gradually rather than being present congenital,
most commonly emerging during adolescence between 12 and 18 years of age. In the cochlea, sensory hair
cells within the organ of Corti are anchored to the basement membrane. Mutations affecting type IV collagen
disrupt this membrane, impairing the structural and functional integrity of the hair cells, which results in
progressive sensorineural hearing loss (SNHL). Ocular manifestations also develop progressively. A
characteristic change involves the lens, in which the middle part protrude into the anterior chamber due to
compromised lens capsule integrity. These extrarenal features are hallmark manifestation of AS and are useful
in clinical diagnosis. [6, 12, 14]

3. Clinical Manifestation

3.1 Classic Severe AS (XLAS males and ARAS patients)

The most severe clinical phenotype of AS occurs in hemizygous males with X-linked COL4AS
mutations and in patients with autosomal recessive COL4A3 or COL4A4 mutations. These individuals
typically present with microscopic hematuria in infancy, followed by the onset proteinuria in early childhood.
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SNHL develops in up to 90% of patients by the age of 40, while ocular abnormalities, most commonly anterior
lenticonus or retinal flecks, are present in over half of cases. Kidney failure (KF) occurs in all affected
individuals, with 70% reaching to ESRD by age 30 and 90% by age 40. The median age at KF is approximately
25 years. [15, 16]

3.2 Mild to moderate AS

This category includes heterozygous females with X-linked AS (XLAS), autosomal dominant AS
(ADAS), and digenic forms of the disease. The clinical course is generally milder, and kidney failure is not
inevitable. [15]

3.2.1 Females with heterozygous XLAS

Affected females frequently presents with microscopic hematuria from infancy, with variable onset and
severity of proteinuria over time. SNHL occurs in approximately 5-28% of cases, while fleck retinopathy is
observed in 25-30%. KF develops in 12-15% of women by the age of 40 and in 30-40% by the age of 60, with
a median onset occurring after of 50 years. [5, 15]

3.2.2 ADAS

ADAS typically presents with intermittent microscopic hematuria, with proteinuria developing after the
age of 30. SNHL is reported in 8-16% of cases, while ocular changes are rare (1-3%). Progression to KF is
variable, with a median after the age of 50. [15, 16]

3.3 Digenic AS

3.3.1 COL4A3 +/- and COL4A4 +/-

Patients with heterozygous pathogenic variants in both COL4A3 and COL4A4 typically presents with
microscopic hematuria and develop proteinuria after the age of 40. KF is not inevitable, with a median reported
onset of approximately 54 years. [5, 15]

3.3.2 COL4A3 or COL4A4 +/- plus COL4AS +/-

This form of digenic AS manifestes with hematuria in infancy and earlier onset of proteinuria compared
with heterozygous XLAS females. SNHL occurs in approximately 15% of cases, and ocular defects are
observed in around 7%. Reported ages at onset of KF in documented cases are 40 and 44 years. [5, 15]

4. Diagnosis

Early and accurate diagnosis of AS is essential for initiate appropriate therapeutic interventions,
maximize their efficacy in slowing disease progression, and delay the onset of ESRD. Clinical suspicion should
be raised in patients presenting persistent hematuria or proteinuria on urinalysis, a documented family history
of CKD, characteristic auditory or ocular abnormalities, or renal biopsy findings demonstrating pathological
alterations of the GBM. The presence of any single diagnostic feature strongly correlates with positive genetic
test. [17, 18]

Histopathological examination of renal biopsy reveals characteristic alterations that vary according to
the disease stage and genetic subtype. In the early stages, the GBM typically shows diffuse thinning, while
advanced disease is characterized by splitting, irregular lamellation and the classical”’basket-weave”
appearance on electron microscopy. In heterozygous XLAS females, GBM changes are variable, often
demonstrating focal lamellation and a basket-weave pattern. [16] In ADAS, GBM thinning predominates, with
splitting, lamellation and basket-weave changes occurring infrequently. In digenic AS, early GBM thinning is
commonly accompanied by splitting and lamellation, while the basket-weave change being is less common.
Patients with COL4A3 or COL4A4 variants in combination with COL4A5 mutation often exhibit similar the
histological findings, although the basket-weave pattern is more frequently observed. [16]

Genetic analyses have demonstrated that pathogenic variants in COL4A3, COL4A4, or COL4AS are
present in over 30% of cases of adult-onset familial focal segmental glomeruloscerosis (FSGS). [18, 19, 20]
Additionally, AS and thin basement membrane nephropathy frequently coexist with IgA nephropathy but may
remain undiagnosed if renal biopsy specimens are not evaluated for GBM lamellation or thinning using
electron microscopy. [18, 21]

In suspected AS, genetic testing should include analysis COL4A3, COL4A4, and COL4AS, as
inheritance patterns cannot be reliably determined clinically. [18, 22] In high-suspicion cases, targeted next-
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generation sequencing (NGS) of these genes is recommended. In lower-suspicion cases, broader gene panels
or whole-exome sequencing should be considered. [22] Renal biopsy, ideally including transmission electron
microscopy (TEM), remains valuable for detecting characteristic GBM changes, and collagen IV a-chain
immunofluorescence can aid diagnosis when TEM in unavailable. [22] NGS detects approximately 95% of all
missense and nonsense variants, insertions and deletions, and most splicing variants near intron-exon
boundaries, where approximately 5-10% of all pathogenic variants in Alport syndrome are duplications,
insertions, and deletions, but sequencing is less sensitive in detecting them, which may require the use of
additional analytical methods. [18, 23, 24]

5. Current and Emerging Therapies

Alport nephropathy typically follows a characteristic progression, beginning with isolated hematuria,
followed by moderate albuminuria, overt proteinuria, and ultimately a decline in glomerular filtration rate
(GFR). The interval between these stages is variable and is predominantly determined by patient sex and the
underlying COL4A genotype. The rate of disease progression spans a wide spectrum, from rapidly progressive
forms necessitating kidney replacement therapy in adolescence or early adulthood, to indolent courses in which
individuals may reach advanced age with preserved renal function. [5]

5.1 Current Standard of Care

Management of AS involves both symptomatic treatment and genetic counselling for patients and their
family. Optimal blood pressure control remains a cornerstone of therapy, most commonly achieved through
the administration of angiotensin converting enzyme (ACE) inhibitors or angiotensin I/II receptor blockers
(ARB). ACE inhibitor therapy has demonstrated efficacy in patients with proteinuria and preserved renal
function, significantly delaying progression to ESRD. [14, 25] In male patients with X-linked AS and
individuals with ARAS, initiation of ACE inhibitor therapy is recommended at the time of diagnosis, and in
the latter group, preferably after the age of 12-24 months. In females with X-linked AS, ACE inhibitor therapy
should be initiated upon the onset of microalbuminuria, comfirmed on repeated measurements. Similatly, in
patients with heterozygous variants in COL4A3 or COL4A4, treatment with an ACE inhibitor is indicated
following confirmation of persistent microalbuminuria on serial assessments. [26]

Emerging evidence suggests that sodium-glucose cotransporter 2 inhibitors (SGLT2i), such as
dapagliflozin, are well tolerated and may confer renoprotective benefits in patients with AS. Preliminary
clinical data, including small pediatric case series, indicate a significant reduction in proteinuria when SGLT21i
are administered either as monotherapy or in combination with renin-angiotensin system inhibitors (RASi).
[27] These agents are currently available in most European countries for individuals with stage 3 chronic
kidney disease and proteinuria exceeding 0, 2 g/g creatinine, supporting their potential applicability in AS.
Although short-term studies demonstrate reductions in albuminuria, large-scale randomized controlled trial —
such as the ongoing DOUBLE PRO-TECT Alport study- are warranted to determine whether these effects
translate into delayed progression to KF. [28]

5.2. Novel and Experimental Therapies

Several novel therapeutic strategies targeting diverse pathophysiological mechanism in AS have
demonstrated potential renoprotective effects in preclinical and early studies, although their long-term efficacy
and safety require further confirmation in large-scale clinical trials. [28, 29]

5.2.1 Barboxolone methyl

Barboxolone methyl is an activator of the Keapl-Nrf2 pathway with anti-inflammatory antioxidant
properties, investigated in the treatment of AS. In the phase 3 CARDINAL trial, bardoxolone demonstrated
short-term attenuation of eGFR decline. [29, 30] However, therapy was associated with reversible worsening
of albuminuria, increased blood pressure and transient elevation of liver transaminases. The U.S Food and
Drug Administration (FDA) concluded that current evidence is insufficient to support its long-term efficacy
and safety, raising concerns about potentially deleterious increases in intraglomerular hemodynamics, as well
as the lack of robust data from animal model and other CKD studies. [29, 30, 31]
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5.2.2. Endothelin Type Receptor (ETAR) and Angiotensin II Type 1 Receptor (AT1R) Inhibitors

ETAR and ATIR inhibitors — activation of ETAR contributes to both renal and auditory pathology in
AS. Sparsentan, a dual ETAR/ATIR antagonist, has demonstrated superiority over selective ETAR or AT1R
blockade in AS murine models, reducing proteinuria, prolonging survival, and attenuating both structural and
functional auditory impairment. Atrasentan, a selective ETAR inhibitor, has been shown to reduce albuminuria
and the risk of renal events in diabetic CKD, although its use is associated with increased incidence of oedema
and anemia. [28, 29, 32]

5.2.3 Glucagon — like peptide — 1 receptor agonists (GLP-1 RAs)

GLP-1 RAs have demonstrated significant cardioprotective and renoprotective effects in patients with
type 2 diabetes mellitus and CKD. Large randomized controlled trials have shown that GLP-1 RAs reduce
major adverse cardiovascular events and attenuate CKD progression, primarily through reductions in
albuminuria. Proposed renoprotective mechanisms include anti-inflammatory, antifibrotic and antioxidative
actions, which are of particular relevance to AS, in which chronic inflammation and progressive fibrosis are
central to disease pathogenesis. [33]

5.2.4 Paricalcitol

Paricalcitol, a selective vitamin D receptor activator, downregulates renin expression and may exert
synergistic nephroprotective effects when combined with ACE inhibitors in AS. In COL4A3 knockout mice,
paricalcitol — but not calcitriol- enhanced the renoprotective effect of early ACE inhibition, delaying
progression to renal failure more effectively than monotherapy. Despite promising preclinical data, clinical
evidence in AS patients remains insufficient to recommended routine use. [34, 35]

5.2.5 MicroRNA-21 Inhibition (miR-21)

miR-21 has been implicated in the fibrogenic processes central to AS pathogenesis. Preclinical studies
in AS mouse models demonstrated that targeted inhibition with anti-miR-21 oligonucleotides improved renal
histology, reduces microalbuminuria, and extended median survival by over 40%, likely via modulation of
metabolic pathways. A phase 2 clinical trial (HERA, NCT02855268) evaluating anti-miR-21 therapy in AS
patients was discontinued, with ongoing considerations for trial redesign under new sponsorship. [34]

5.2.6 Stem cell — based therapies

In AS aim to replace defective podocytes and restore functional GBM architecture. Preclinical studies
using induced pluripotent stem cell (iPSCs) and other stem cell sources have demonstrated partial restoration
of collagen IV networks, delayed renal pathology, and lifespan extension in selected murine models. However,
results have been inconsistent, with some models showing no survival benefit. Bone marrow transplantation
has shown limited efficacy and carrier substantial procedural risk, precluding clinical application. At present,
stem cell-based strategies remain experimental, with no evidence supporting their use in humans. [34, 36, 37]

5.2.7 Gene therapy

Represents a promising but still experimental approach in AS. Preclinical studies have demonstrated
restoration of collagen IV expression in the GBM using inducible transgene system in murine models.
CRISPR/Cas9-mediated correction of COL4A3 and COL4AS5 mutations in patient-derived podocytes has
achieved high editing efficiencies, although technical challenges and the need for early intervention remain
major limitations. Additionally, X-chromosome reactivation strategies offer a potential future therapeutic
avenue for females with X-linked AS by restoring expression of the functional COL4AS5 allele. To date, these
approaches remain in preclinical development without translation to human therapy. [28, 39, 40]

6. Conclusions

Alport syndrome is a complex, multisystem disorder with significant variability in presentation and
prognosis, determined by of inheritance and the specific underlying genetic mutations. Early and accurate
diagnosis, supported by advances in molecular testing, allows timely initiation of renoprotective therapy,
which is essential for delaying the onset of ESRD. Current management primarily relies on ACE inhibitors
and ARBs, with growing evidence supporting adjunctive use of SGLT2 inhibitors. Novel therapeutic
approaches targeting defined molecular pathways, as well as experimental strategies such as gene and stem
cell therapies, hold considerable potential but require rigorous validation in well-designed clinical trials. The
successful translation of these advances into clinical practice has potential to markedly improve long-term
outcomes and quality of life for patients with AS.
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