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Diabetic retinopathy (DR) is a leading cause of preventable visual 
loss in type 2 diabetes mellitus (T2DM), yet current screening 
largely detects disease after microvascular damage has occurred. 
This review synthesizes emerging evidence that three measurable 
biomarkers - fibroblast growth factor-21 (FGF21), growth 
differentiation factor-15 (GDF15), and microalbuminuria -capture 
complementary dimensions of early DR pathobiology. FGF21 
reflects hepatometabolic stress and adaptive signaling via the 
β-Klotho–FGFR1 axis; GDF15 mirrors mitochondrial/integrated-
stress-response activation with systemic effects through the glial 
cell-derived neurotrophic factor family receptor-α-like (GFRAL) 
REarranged during Transfection (RET); and microalbuminuria 
indicates systemic endothelial dysfunction and increased 
microvascular permeability. We narratively integrate cross-sectional, 
cohort, and meta-analytic studies in human T2DM populations 
(excluding type 1 diabetes and animal experiments) and map these 
signals onto a unified metabolic–renal–retinal framework. Across 
studies, higher circulating FGF21 and GDF15 associate with DR 
presence and severity, while microalbuminuria correlates with DR 
grade and predicts progression independent of glycemic control. 
We propose a tri-biomarker model in which chronic lipotoxicity 
and oxidative stress elevate FGF21/GDF15, drive endothelial 
injury detectable as microalbuminuria, and together forecast early 
retinal microangiopathy. Translational implications include risk 
stratification before funduscopic changes, therapy monitoring for 
metabolic/mitochondrial targets, and development of multimarker 
algorithms alongside OCTA imaging. To our knowledge, this is 
the first review to integrate FGF21, GDF15, and microalbuminuria 
as a coherent predictive axis for early DR in T2DM, highlighting 
priorities for longitudinal validation and population-specific cut-offs.
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Background and Rationale
Diabetic retinopathy (DR) is a leading cause of preventable 
blindness among patients with type 2 diabetes mellitus (T2DM). 
Despite advances in retinal screening technologies, most cases of 
DR are still detected only after clinically apparent microvascular 
damage has occurred [1,2].
DR is not solely the result of chronic hyperglycemia; rather, it 
involves a complex pathophysiological process characterized 
by metabolic stress, mitochondrial dysfunction, neurovascular 
unit impairment, inflammation, and systemic endothelial injury 
[3–5,6].
Among circulating biomarkers, fibroblast growth factor-21 
(FGF21) and growth differentiation factor-15 (GDF15) have 
emerged as key indicators of metabolic and mitochondrial stress 
in T2DM. Elevated FGF21 levels have been associated with the 
presence and severity of DR [6–10], whereas increased GDF15 
concentrations have been consistently observed in patients 
with T2DM exhibiting microvascular complications, including 
DR [11–14]. Both biomarkers rise in response to lipotoxicity, 
oxidative stress, and activation of the integrated stress response 
(ISR) pathway.
In parallel, microalbuminuria - reflected by an increased 
urinary albumin-to-creatinine ratio (UACR) - serves as 
an established marker of systemic endothelial injury and 
enhanced microvascular permeability. Numerous studies have 
demonstrated strong associations between albuminuria and both 
the presence and progression of DR [15–18].

Molecular Basis of Fibroblast Growth Factor-21 (FGF21) in 
Retinal Microangiopathy
Fibroblast growth factor-21 (FGF21) is a hepatokine that 
increases in response to fasting, lipotoxic stress, and chronic 
hyperglycemia, functioning to regulate glucose and lipid 
metabolism through the β-Klotho–fibroblast growth factor 
receptor-1 (FGFR1) complex. Under conditions of chronic 
metabolic stress, elevated reactive oxygen species stimulate 
FGF21 expression as a compensatory mechanism to maintain 
mitochondrial homeostasis [6–9].
Consistent elevations in circulating FGF21 have been reported in 
patients with T2DM across various stages of diabetic retinopathy 
[6–10]. Mechanistically, FGF21 exhibits a dual role. In the early 
phase, it acts as a metabolic protector by enhancing insulin 
sensitivity, increasing adiponectin secretion, and reducing the 
formation of reactive oxygen species. However, during prolonged 
metabolic overload, FGF21 resistance develops - characterized by 
impaired β-Klotho–FGFR1 signaling and paradoxically elevated 
FGF21 concentrations [9]. This maladaptive state parallels retinal 
hypoxia, endothelial dysfunction, and oxidative imbalance, which 
represent hallmark features of early retinal microangiopathy. 
Recent meta-analyses strengthen this association. Basir et al. 
reported that higher circulating FGF21 levels were significantly 
linked to the risk and severity of diabetic retinopathy, a finding 
further confirmed by another meta-analysis demonstrating 
consistent FGF21 elevation across multiple disease stages 
[11,12]. Biologically, FGF21 is involved in retinal lipid regulation 
via activation of peroxisome proliferator-activatedreceptor-α 

(PPAR-α), modulation of oxidative pathways, and suppression 
of apoptosis related to endoplasmic reticulum stress. Overall, 
FGF21 reflects both compensatory and maladaptive processes 
in systemic and retinal microvascular metabolism, underscoring 
its potential as an early biomarker to identify individuals at 
increased risk for diabetic retinopathy.

Growth Differentiation Factor-15 (GDF15) and 
Mitochondrial Stress Signaling in Retinopathy
Growth differentiation factor-15 (GDF15) is a member of the 
transforming growth factor-β (TGF-β) superfamily and functions 
as a mitochondrial distress signal. Its expression increases 
through the integrated stress response (ISR) pathway, primarily 
via activation of CCAAT/enhancer-binding protein homologous 
protein (CHOP), activating transcription factor-4 (ATF4), and 
p53 during oxidative stress or endoplasmic reticulum stress 
[13–15]. Several clinical studies have consistently reported 
elevated serum GDF15 levels in patients with T2DM who have 
diabetic retinopathy [13–15].
Unlike fibroblast growth factor-21 (FGF21), which acts 
predominantly in peripheral tissues, GDF15 exerts systemic 
effects through the glial cell-derived neurotrophic factor family 
receptor-α-like (GFRAL) and REarranged during Transfection 
(RET) receptor complex located in the brainstem. Activation 
of the GFRAL–RET pathway modulates inflammation, energy 
metabolism, and systemic stress responses. High circulating 
GDF15 levels in patients with T2DM reflect mitochondrial stress 
and chronic endothelial injury, both of which contribute to retinal 
microvascular degeneration [16].
At the molecular level, GDF15 helps suppress excessive 
production of reactive oxygen species (ROS); however, its 
sustained elevation indicates failure of cellular adaptive 
mechanisms in the face of prolonged metabolic stress. This 
positions GDF15 within an adaptive–maladaptive continuum, 
whereby simultaneous increases in GDF15 and FGF21 occur 
as the system transitions from metabolic compensation toward 
progressive vascular injury.
Recent evidence also highlights the involvement of GDF15 in 
renal microangiopathy, with elevated GDF15 levels observed in 
T2DM patients exhibiting microalbuminuria. This finding aligns 
with data showing higher GDF15 concentrations in patients 
who present with both diabetic retinopathy and impaired renal 
function [17,18]. Collectively, this dual expression pattern 
across retinal and renal tissues reinforces the role of GDF15 as a 
systemic biomarker reflecting microvascular dysfunction in type 
2 diabetes.

Microalbuminuria as a Systemic Marker of Endothelial 
Injury
Microalbuminuria, defined as urinary albumin excretion of 30–300 
mg/day, is one of the earliest markers of microvascular dysfunction 
in T2DM [19]. This condition reflects increased permeability of the 
glomerular capillary wall and indicates the presence of systemic 
endothelial injury. Numerous cross-sectional and cohort studies 
have demonstrated that even mild elevations in albuminuria are 
significantly associated with
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both the presence and severity of diabetic retinopathy (DR) 
[19–21].
Pathophysiologically, chronic hyperglycemia, the accumulation of 
advanced glycation end-products (AGEs), and oxidative stress lead 
to disruption of the endothelial glycocalyx and neurovascular unit 
dysfunction, resulting in vascular injury that affects both the renal 
glomerulus and the retinal microcirculation [22]. Large population-
based studies further strengthen this association. The Singapore 
Malay Eye Study reported that microalbuminuria independently 
increases the risk of any-stage DR [22], whereas the Sankara 
Nethralaya Diabetic Retinopathy Epidemiology and Molecular 
Genetics Study (SN-DREAMS) demonstrated that albuminuria 
predicts proliferative DR even after adjustment for glycemic 
control and blood pressure [21]. Therefore, albuminuria is not 
merely a renal manifestation butfunctions as a systemic vascular 

biomarker integrating metabolic, inflammatory, and hemodynamic 
stress.
In recent years, the relationship among fibroblast growth 
factor-21 (FGF21), growth differentiation factor-15 (GDF15), 
microalbuminuria, and diabetic retinopathy has been increasingly 
explored across diverse study designs. Consistently, elevated 
FGF21 and GDF15 reflect metabolic stress and mitochondrial 
dysfunction, whereas microalbuminuria indicates systemic 
endothelial injury. Although inter-study variations exist in 
methodology and population characteristics, the majority of 
findings report positive associations between these biomarkers 
and the presence or progression of DR. Collectively, this evidence 
supports their roles as early indicators of metabolic–microvascular 
dysregulation preceding clinically detectable retinal damage.

Table 1: summarizes the key clinical and meta-analytic studies evaluating the associations between serum FGF21, GDF15, and 
microalbuminuria with the presence and severity of diabetic retinopathy in patients with type 2 diabetes mellitus.

Author (Year) Sample size / Study 
design

Biomarker(s) assessed Main findings Ref

Jin S et al. (2021) 312 T2DM patients / 
cross-sectional

Serum FGF21 Elevated FGF21 
significantly associated 
with sight-threatening 
diabetic retinopathy.

[1]

Heidari Z, Hasanpour M 
(2021)

210 T2DM patients / 
case–control

Serum FGF21 FGF21 positively 
correlated with DR 
severity, independent of 
HbA1c and lipid profile.

[2]

Jung CH et al. (2017) 1,110 T2DM subjects / 
cohort

Serum FGF21 U-shaped association 
between FGF21 levels 
and microvascular 
complications, including
DR.

[3]

Esteghamati A et al. 
(2016)

140 T2DM patients / 
case–control

Serum FGF21 Circulating FGF21 levels 
significantly higher in DR 
compared with non-DR 
patients.

[4]

Lee CH et al. (2023) 438 T2DM patients / 
prospective

FGF21, AFABP, PEDF Elevated FGF21 predicts 
progression to sight-
threatening diabetic 
retinopathy.

[5]

Basir H et al. (2024) Meta-analysis (10 studies; 
n≈3,400)

Serum FGF21 Meta-analysis 
demonstrates a strong 
association between 
elevated FGF21 levels and 
DR risk.

[6]

Jiang Y et al. (2024) Meta-analysis (9 studies) FGF21, Klotho Higher FGF21 and lower 
Klotho levels associated 
with increased DR 
severity.

[7]

Niu Y et al. (2021) 402 T2DM patients / 
cross-sectional

Serum GDF15 GDF15 significantly 
elevated in patients with 
DR and correlates with 
disease severity.

[11]
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Ref

Integrative Mechanism
The Metabolic–Renal–Retinal Axis
The interplay among fibroblast growth factor-21 (FGF21), 
growth differentiation factor-15 (GDF15), and microalbuminuria 
represents a unified pathophysiological pathway that bridges 
hepatic metabolism, mitochondrial stress, and endothelial 
integrity in type 2 diabetes mellitus (T2DM) [6,13,19]. This 
biological framework is conceptualized as the Metabolic–Renal–
Retinal Axis (Figure 1).

Metabolic Overload 
Chronic lipotoxicity and excessive fatty acid flux activate 
peroxisome proliferator-activated receptor-α (PPAR-α) and 
mitochondrial stress pathways, leading to the upregulation of 
FGF21 and GDF15 as adaptive metabolic hormones [6,12].

Mitochondrial Stress and the Integrated Stress Response 
(ISR) 
Impaired oxidative phosphorylation and reactive oxygen species 
accumulation trigger the integrated stress response, involving 
CHOP, ATF4, and p53 activation, which in turn induces systemic 
elevation of GDF15 as a mitochondrial distress signal [13–15].

Endothelial Dysfunction 
Oxidative and inflammatory insults disrupt the endothelial 
glycocalyx and tight junctions, causing urinary albumin leakage 
and increased retinal microvascular fragility. This shared 
mechanism underlies the parallel emergence of microalbuminuria 
and early diabetic retinopathy lesions [19–22].

Feed-Forward Loop 
Elevated FGF21 and GDF15 further modulate inflammation, 
vascular permeability, and metabolic stress responses, creating 
a self-reinforcing cycle that accelerates microvascular injury in 
both renal and retinal tissues [11,16]. Collectively, this integrative 
framework illustrates how metabolic overload stimulates hepatic 
FGF21 secretion, mitochondrial stress drives GDF15 upregulation, 
and endothelial damage manifests as microalbuminuria. Together, 
these interlinked pathways form a feed-forward loop that amplifies 
systemic inflammation, oxidative stress, and microvascular 
permeability. This mechanistic model provides the biological 
foundation for a multi-biomarker strategy aimed at early prediction 
and detection of diabetic retinopathy in individuals with T2DM.
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Author (Year) Sample size / Study 
design

Biomarker(s) assessed Main findings

Chung JO et al. (2020) 312 T2DM patients / 
cross-sectional

Plasma GDF15 Higher plasma GDF15 
levels associated with 
presence and severity of
DR.

[12]

Billeson K et al. (2024) 214 diabetic subjects / 
case–control

Serum GDF15, MMP-3 GDF15 levels associated 
with diabetic 
microvascular 
complications, including 
retinopathy.

[13]

Feng N et al. (2026) 3369 adults diabetes / 
cross-sectional

UACR Higher urinary albu-
min-to-creatinine ratio 
positively associated with 
DR and may serve an early 
predictive DR

[18]

Paterson N et al. (2021) 1,883 subjects T2DM 
/ cross-sectional case 
control(UK Biobank)

Microalbuminuria Albuminuria is asociated with 
alterations in retinal microvas-
cular parameters.

[19]

Dash S et al. (2022) 250 T2DM patients / 
cross-sectional

Albuminuria Severity of albuminuria 
positively correlates with 
the grade of diabetic 
retinopathy.

[20]

Rani PK et al. (2011) 1,411 T2DM patients / 
cohort (SN-DREAMS)

Albuminuria Albuminuria predicts 
proliferative DR inde-
pendent of HbA1c and 
blood pressure.

[21]

Shahrir NF et al. (2022) 343 T2DM patients / 
cross-sectional study

Microalbuminuria Microalbuminuria inde-
pendently associated with 
diabetic retinopathy in 
Malay population.

[22]
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Figure 1: The Metabolic–Renal–Retinal Axis.

Source: Created by the authors using BioRender (www.biorender.com), adapted and synthesized from previously published studies [11,12,18,22].

This Figure illustrates the integrated roles of fibroblast growth 
factor-21 (FGF21) and growth differentiation factor-15 (GDF15) 
as circulating metabolic stress hormones, and microalbuminuria 
as a systemic marker of endothelial dysfunction. Chronic 
lipotoxicity and oxidative stress promote hepatic FGF21 secretion 
and systemic GDF15 elevation, which converge to impair 
endothelial integrity within renal and retinal microcirculation. 
These mechanisms generate a feed-forward loop that amplifies 
metabolic stress, vascular permeability, and microvascular injury 
in type 2 diabetes mellitus.

Clinical and Translational Implications
The combined assessment of fibroblast growth factor-21 
(FGF21), growth differentiation factor-15 (GDF15), and 
microalbuminuria offers a promising approach for enhancing the 
early detection of diabetic retinopathy (DR). As a non-invasive, 
low-cost biomarker triad, these markers capture complementary 
aspects of metabolic stress, mitochondrial dysfunction, and 
endothelial injury, providing a more sensitive reflection of 
microvascular risk than glycemic indices alone [11,13,19]. 
Diabetic retinopathy remains one of the leading causes of vision 
impairment worldwide and represents a complex microvascular 
complication driven by chronic metabolic dysregulation in 
diabetes mellitus [24].
From a clinical perspective, this integrative biomarker framework 
may provide several practical applications for improving risk 
assessment and management in patients with type 2 diabetes 
mellitus. Early identification of individuals at risk of developing 
diabetic retinopathy is essential for preventing irreversible retinal 
damage. Biomarker-based profiling using FGF21, GDF15, and 
microalbuminuria may help identify patients experiencing early 
systemic microvascular stress before the appearance of overt 
retinal lesions. This approach may complement established 
international classification systems used to stage diabetic 
retinopathy severity and guide clinical monitoring strategies [25].
Recent advances in screening programs emphasize the need for 
combining systemic biomarkers with retinal imaging technologies 
to enhance early detection of retinal microvascular damage. Novel 
screening frameworks incorporate digital retinal photography 
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and emerging imaging modalities such as optical coherence 
tomography angiography (OCTA) to improve diagnostic 
sensitivity and population-based screening efficiency [26]. 
Understanding the biological mechanisms underlying diabetic 
retinopathy is critical for improving prevention strategies. 
Chronic hyperglycemia induces metabolic stress, oxidative 
damage, and endothelial dysfunction that contribute to 
progressive retinal microvascular injury. These mechanisms 
have long been recognized as key contributors to the 
development and progression of diabetic retinopathy [27]. 
Circulating levels of FGF21 and GDF15 may provide insights 
into systemic metabolic stress and mitochondrial dysfunction 
during treatment interventions targeting insulin resistance or 
lipid metabolism. Experimental studies suggest that GDF15 
may also play regulatory roles in inflammation, cellular 
stress signaling, and tissue remodeling processes associated 
with metabolic disease [28]. Microalbuminuria represents 
a widely recognized marker of endothelial dysfunction 
and systemic microvascular injury in diabetes. Several 
studies have demonstrated that increased urinary albumin 
excretion correlates with the presence and severity of diabetic 
microvascular complications, including diabetic retinopathy 
[29]. Retinal vascular endothelial cell damage and neuroretinal 
degeneration are increasingly recognized as central 
mechanisms contributing to diabetic retinopathy progression. 
Endothelial dysfunction disrupts retinal microvascular 
integrity and promotes inflammatory and neurodegenerative 
processes within the retina [30]. Microalbuminuria has also 
been proposed as an early clinical indicator of systemic 
vascular injury in patients with type 2 diabetes mellitus and 
may precede the development of overt diabetic complications. 
Emerging therapeutics targeting thesepathways, including 
FGF21 analogs and GDF15–GFRAL axis modulators, 
demonstrate potential in reducing systemic metabolic stress 
and inflammation. However, their application in DR remains 
exploratory, and longitudinal validation is required to 
determine whether modifying these biomarkers translates into 
reduced microvascular injury [12,16,22].
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Taken together, these translational insights highlight the potential 
of multi-biomarker models to complement current screening tools 
and advance personalized approaches to the prevention of diabetic 
retinopathy.

Future Prospects and Conclusion
Microalbuminuria, fibroblast growth factor-21 (FGF21), and 
growth differentiation factor-15 (GDF15) collectively reflect the 
metabolic, mitochondrial, and endothelial stress underpinning 
microvascular injury in type 2 diabetes mellitus (T2DM). Their 
combined assessment may substantially improve early diagnosis 
and prediction of diabetic retinopathy (DR), especially during 
subclinical stages when conventional ophthalmic screening has 
limited sensitivity [11,13,19].
Future research should prioritize large-scale longitudinal studies 
to establish standardized cut-off values for each biomarker, 
determine temporal trajectories in relation to DR progression, and 
examine gene - environment interactions influencing biomarker 
expression. Population-based studies across diverse ethnic groups
- including Indonesia’s Bugis-Makassar population - are 
particularly important to account for genetic variation, metabolic 
phenotypes, and differing susceptibilities to microvascular 
complications.
To the best of current knowledge, the present review is the 
first to integrate FGF21, GDF15, and microalbuminuria 
into a unified Metabolic–Renal–Retinal Axis, offering a 
comprehensive biological model that links metabolic overload, 
mitochondrial stress, and endothelial dysfunction to early 
retinal microangiopathy. This tri-biomarker framework provides 
mechanistic insights that extend beyond glycemic control and 
may complement existing screening strategies by identifying 
high-risk individuals earlier.
Further translational research is required to validate this 
integrative model, define population-specific thresholds, 
and evaluate whether modifying these biomarkers - through 
metabolic, mitochondrial, or vascular-targeted therapies - can 
reduce microvascular injury and ultimately prevent vision-
threatening diabetic retinopathy.
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