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ARTICLE INFO ABSTRACT

Keywords: Age-related ocular diseases, including diabetic retinopathy (DR), age-related macular degeneration (AMD),
Ocular disease cataract and glaucoma may lead to visual impairment and even to blindness. Metabolic diseases, such as obesity
Adipokines

and metabolic dysfunction-associated steatotic liver disease (MASLD) have emerged as potential risk factors of
age-related ocular diseases, especially DR. Visceral adiposity has been associated with increased risk of DR and
Metabolic dysfunction-associated steatotic liver AMD in most clinical studies, although body mass index has to-date provided conflicting association with DR and
disease AMD. In addition, obesity is recognized as a risk factor of cataract and glaucoma. Similarly to obesity, MASLD
Nonalcoholic fatty liver disease appears to be associated with DR in patients with type 1 diabetes mellitus, but probably not in those with type 2
diabetes mellitus. A potential positive association between MASLD and AMD, glaucoma and cataract is supported
by limited evidence to-date, thus needing further investigation. Altered secretion patterns of adipokines (adi-
ponectin, leptin, lipocalin-2, resistin) and hepatokines [adropin, fetuin-A, fibroblast growth factor (FGF)-21,
retinol binding protein (RBP)-4] seem to disrupt ocular homeostasis and contribute to the development of age-
related ocular diseases in the context of obesity and MASLD. In this regard, novel adipokine-based and
hepatokine-based therapies may be added to the treatment options for ocular diseases in the future. This
narrative review aimed to summarize evidence on the interconnection of obesity and MASLD with age-related
ocular diseases, with a specific focus on the roles of adipokines and hepatokines as mediators of these poten-
tial associations.

Obesity
Hepatokines

1. Introduction leading causes of visual impairment and blindness worldwide, affecting
patients’ quality of life and increasing morbidity [1]. Importantly, their
Age-related ocular diseases, such as age-related macular degenera- prevalence is expected to increase in the context of the increasing

tion (AMD), cataract, diabetic retinopathy (DR) and glaucoma, are prevalence of obesity, type 2 diabetes mellitus (T2DM) and metabolic
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dysfunction-associated steatotic liver disease (MASLD), since a growing
number of epidemiological studies identify metabolic comorbidities as
important modifiable risk factors of age-related ocular diseases [2,3].

The interplay of obesity and MASLD with ocular diseases appears to
be mediated, at least in part, by adipokines and hepatokines, i.e., mainly
peptides secreted predominantly by the adipose tissue and the liver,
respectively. Dysregulated secretion patterns of adipokines and hep-
atokines in obesity and MASLD have been implicated in chronic low-
grade inflammation, insulin resistance (IR), oxidative stress and
vascular dysfunction [4], all of which are key contributors to the path-
ogenesis of AMD, DR and other age-related ocular diseases [5,6].

This narrative review aimed to summarize evidence on the inter-
connection of obesity and MASLD with age-related ocular diseases, with
a specific focus on the roles of adipokines, which are primarily produced
by the adipose tissue, and hepatokines, which are primarily produced by
the liver, as mediators of these potential associations. To this aim, first,
we provided a concise overview of the current epidemiological evidence
linking obesity and MASLD with age-related ocular diseases and next,
we focused on experimental and clinical studies having investigated the
potential associations of specific adipokines and hepatokines with age-
related ocular diseases. Understanding these molecular pathways may
open novel therapeutic approaches, i.e., ocular diseases associated with
aging and metabolic disorders may be prevented or mitigated by tar-
geting adipokines or hepatokines.

2. Cross-talk between the adipose tissue and the eye
2.1. Association between obesity and age-related ocular diseases

Obesity and visual impairment have emerged over the last decades as
primary public health challenges, requiring more effective interventions
[7,8]. Obesity accelerates aging processes and in turn aging is linked to
increased visceral obesity, i.e., possibly indicating a bidirectional asso-
ciation [9,10]. Hereby, evidence on the association of obesity with
age-related ocular diseases are summarized. Major relevant studies are
summarized in Table 1.

2.1.1. Diabetic retinopathy

In the context of prolonged and inadequately controlled diabetes
mellitus (DM), DR may lead to progressive vision loss and eventually
blindness. Obesity is considered to be a major risk factor of the onset and
progression of DM; thus, the association between obesity and DR has
been investigated beyond DM. Most data investigating this association
are derived from cohort studies and few meta-analyses, generally indi-
cating a positive association. A meta-analysis exploring the risk factors
of DR, highlighted that obesity is associated with the incidence of non-
proliferative DR (NPDR), but not with that of proliferative DR (PDR)
[28]. In the same line, a prospective analysis of 2305 patients with
T2DM showed greater prevalence of DR among patients with greater
body mass index (BMI) [odds ratio (OR) 1.26, 95 % confidence interval
(CD) 0.93-1.70] or waist-to-hip ratio (WHR) (OR 2.17, 95 % CI
1.13-4.17) [29]. Interestingly, visceral obesity was independently
associated with new-onset DR in Chinese patients with T2DM [30]. A
nested case-control study also reported that increased WHR was asso-
ciated with the development of DR (OR 1.65, 95 % CI 1.17-2.33),
reinforcing the aspect that visceral obesity may contribute to the path-
ogenesis of DR [31]. Nonetheless, there are studies that paradoxically
suggest an inverse association of obesity and DR within patients with
T2DM [32]. In particular, BMI was inversely associated with incident DR
in both Swedish and Asian populations with T2DM [33,34], while WHR
showed a positive association with DR in the latter population [34]. Data
from Korean patients with T2DM also supported an inverse association
between BMI, waist circumference (WC), percentage of body fat and
vision-threatening DR [35]. This inverse association between BMI and
DR, as supported by some but not all authors, reflects what has been
termed the “obesity paradox”, wherein individuals with low or normal
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BMI may be at higher risk of developing DR than those with obesity
[32]. In this regard, WHR has emerged as a better associate with DR,
since it reflects better than BMI the visceral adiposity, which is more
pathogenic than subcutaneous adiposity [36,37].

The above considering, most data favor a positive association of
central adiposity with DR. In contrast, BMI does not seem to be an ideal
index to explore this association, because different studies have pro-
vided conflicting data. Ethnic differences may also exist, e.g., differences
in central adiposity between Caucasians and Asians with the same BMI,
or differences in susceptibility to DR. Regarding the mediators of this
potential association, chronic inflammation, insulin resistance, oxida-
tive stress and altered secretion of adipokines have been reportedly
involved [38].

2.1.2. Age-related macular degeneration

A systematic review on the association between obesity indices and
age-related ocular diseases reported that not only obesity, but also a BMI
<22 kg/m? were associated with higher incidence of AMD [relative risk
(RR) 2.15, 95 % CI 1.35-3.45 and RR 1.43, 95 % CI 1.01-2.04,
respectively] [2]. This meta-analysis also identified WHR as a risk factor
of AMD, with an OR of 1.13 per 0.1 increase in WHR (95 % CI 1.01-1.26)
[2]. In another study, WHR was positively associated with both early
and late AMD in men, but not in women [39]. Furthermore, the
Atherosclerosis Risk in Communities (ARIC) study indicated that a
reduction of >3 % in WHR overtime was protective against early AMD,
particularly in obese individuals at baseline [40]. Concerning
BMI-defined obesity, a relevant prospective study in 2868 participants
found that BMI was associated with incident AMD, but not with its
progression [41]. Other studies, however, in Asian and Indian pop-
ulations did not demonstrate an association between obesity and AMD
[42-46]. It seems that the association between obesity and AMD is
demonstrated when an index of central adiposity is used (e.g., WHR),
whereas conflicting data exist from the studies having used BMI as a
measure of adiposity, as in the case of DR mentioned above.

2.1.3. Cataract

Most studies suggest positive association between obesity and cata-
ract formation, with BMI thresholds more frequently used to explore this
association. A study investigating metabolic and lifestyle factors asso-
ciated with the development of senile cataract showed that the OR of
developing senile cataract increased by 1.19 for each 1 standard devi-
ation (SD) rise in BMI (95 % CI 1.09-1.29) [47]. Other authors sup-
ported obesity, T2DM, arterial hypertension and metabolic syndrome
(MetS) as independent associates of cataract development [48]. In
another study, T2DM and arterial hypertension were primarily shown to
be linked to cortical and posterior subcapsular cataract (PSC), whereas
dyslipidemia, obesity and MetS were most strongly associated with
cortical cataract [49]. On the contrary, the above mentioned systematic
review supported that obesity was predominantly associated with nu-
clear cataract and PSC in Western populations [2]. Surprisingly, a
similar study in an Afro-Caribbean population reported an inverse as-
sociation between obesity and cataract; however, malnutrition observed
in this population may be a stronger associate with cataract than obesity
[50]. Two meta-analyses reported positive association between obesity
and the incidence of maturity-onset cataract [51,52]. Oxidative stress
and chronic inflammation are known contributors to the pathogenesis of
age-related cataract [53]. Obesity is linked to arterial hypertension, DM
and IR, all of which promote oxidative stress, thus possibly resulting in
oxidative damage to the eye lens [54-57].

2.1.4. Glaucoma

Most studies suggest a positive association between obesity and
primary open-angle glaucoma (POAG), the most prevalent form of
glaucoma [58,59], with hazard ratio (HR) being 1.10 (95 % CI
1.00-1.21) in one of them [59]. In line, another meta-analysis reported
that higher BMI was associated with increased intraocular pressure
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Table 1
Clinical studies linking selected adipokines with age-related ocular diseases”.
First author Year Origin Type of Characteristics Ocular Main findings
[reference] study disease
Adiponectin (APN)
Kaarnirantaa 2012  Finland Case- 312 patients with advanced =~ AMD rs10753929 AdipoR1 variant
[11] control AMD was associated with advanced AMD (OR 1.699, 95 % CI 1.192-2.423)
Wet AMD (268)
Severe atrophic AMD (44)
166 controls
Cao [12] 2015  China Case- 189 patients with advanced ~ AMD ADIPOQ genetic variant rs822396 was associated with higher risk of
control AMD advanced AMD in a dominant model
168 controls
Mao [13] 2012 China, Case- 20 patients with T2DM and DR AH APN was higher in PDR versus controls (5.29 + 4.09 versus 1.26 + 0.56
USA control PDR ng/ml)
20 controls
Srinivasan [14] 2014 India Case- 26 patients with T2DM and DR VH APN, VEGF and IGF-1 were higher in patients with PDR
control PDR VH APN was inversely associated with VEGF after laser treatment in
11 controls patients PDR
Omae [15] 2015  Japan Case- 64 patients with T2DM DR Circulating APN was positively associated with RBF and negatively
control without or with mild NPDR associated with retinal arterial vascular resistance in men
Yang [16] 2021  South Case- 98 patients with T2DM DR Circulating and AH APN were higher in T2DM versus controls (5.99 + 3.89
Korea control DR (59) versus 3.51 + 1.44 pg/ml and 10.94 + 11.74 versus 3.65 + 3.33 ng/ml,
Non-DR (39) respectively)
35 controls
Sutkowy [17] 2023  Poland Case- 24 patients with cataract Cataract Circulating IL-6 and resistin were higher (by 30 % and by 64.9 %,
control 33 controls respectively), whereas omentin-1 and APN were lower (by 35.2 %, and by
22.3 %, respectively) in controls versus patients with cataract
Gencoglu [[18]] 2022  Turkey Case- 40 patients with POAG Glaucoma Circulating SIRT1 was lower in POAG patients versus controls
control 38 XFG No significant difference in circulating APN between the three groups
40 healthy controls Circulating SIRT1 may have a role in neuroprotection and modulation of
oxidative stress in POAG
Leptin
Evereklioglu 2003  Turkey Case- 32 patients with AMD AMD Circulating leptin was lower in AMD patients versus controls (6.01 + 2.55
[19] control 20 controls versus 13.21 + 2.27 ng/ml)
Circulating leptin was lower in late-AMD patients versus early-AMD
patients (3.81 + 0.58 versus 8.21 + 1.68 ng/ml)
Seshasai [20] 2015  Singapore Case- 426 patients with AMD AMD Circulating leptin was lower in AMD versus controls (10.0 & 11.5 versus
control 927 controls 12.9 + 16.4 ng/ml)
Circulating leptin was associated with lower risk of AMD (OR 0.56, 95 % CI
0.34-0.92)
Hernandez [21] 2004  Spain Case- 25 patients with T2DM and DR No difference in VH leptin between PDR and controls
control PDR
32 controls
Maberley [22] 2006  Canada Case- 7 patients with PDR Retinal Average VH leptin was significantly higher in PDR than in PVR patients
control 12 patients with diseases (37.4 versus <1.0 ng/ml)
maculopathies
6 patients with RD and PVR
7 controls with RD without
PVR
Lipocalin-2 (LCN-2)
Rezar-Dreindl 2016  Austria Case- 40 eyes with nAMD AMD AH LCN-2/NGAL were higher in nAMD patients versus controls (8791 +
[23] control 15 control eyes 4913 versus 5395 + 1582 pg/mL)
Zhang [24] 2023  China Case- 237 patients with T2DM DR Circulating LCN-2 was higher in overweight/obese versus controls
control Circulating LCN-2 was higher in DR versus non-DR
Higher circulating LCN-2 was associated with higher risk of developing DR
(OR 4.198, 95 % CI 1.676-10.516)
Luo [25] 2020 China Case- 52 patients with RVO RVO AH LCN-2 and resistin were higher in RVO versus controls; (Median:
control 20 patients with senile 8476.50 versus 6802.50 pg/ml and 120.42 versus 42.04 pg/ml)
cataract (controls) AH LCN-2 and resistin were negatively associated with visual improvement
following anti-VEGF therapy in patients with CRVO but not in those with
BRVO
Resistin
Osawa [26] 2007  Japan Case- 238 patients with T2DM DR Circulating resistin was higher in advanced DR versus non-advanced DR
control (20.4 + 1.6 versus 15.8 + 0.8 ng/ml)
Gurlevik [27] 2019  Turkey Case- 45 eyes with PDR DR No difference in circulating resistin between PDR and controls
control 22 control eyes

Abbreviations: AdipoR1, adiponectin receptor 1; ADIPOQ, adiponectin, C1Q and collagen domain containing; AH, aqueous humor; AMD, age-related macular
degeneration; APN, adiponectin; BRVO, branch retinal vein occlusion; CI, confidence interval; CRVO, central retinal vein occlusion; DR, diabetic retinopathy; HDL-C,
high-density lipoprotein cholesterol; IGF-1, insulin-like growth factor-1; IL-6, interleukin-6; LCN-2, lipocalin-2; nAMD, neovascular age-related macular degeneration;
NGAL, neutrophil gelatinase-associated lipocalin; NPDR, non-proliferative diabetic retinopathy; OR, odds ratio; PDR, proliferative diabetic retinopathy; POAG, pri-
mary open angle glaucoma; PVR, proliferative vitreoretinopathy; RBF, retinal blood flow; RD, retinal detachment; RVO, retinal vein occlusion; SIRT-1, sirtuin-1;
T2DM, type 2 diabetes mellitus; VEGF, vascular endothelial growth factor; VH, vitreous humor; XFG, exfoliation glaucoma.

@ Studies are primarily sorted by the respective adipokine, secondarily by the type of age-related ocular disease and subsequently by the year of publication.
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(IOP) (RR 1.06, 95 % CI 1.04-1.07) [60]. One of these meta-analyses
also identified over 20 genomic loci associated with both IOP and BMI
[59]; however, even the latter does not prove a cause-effect association.
In this regard, a Mendelian randomization study, supported a potentially
causal association between BMI or hip circumference and POAG [61].
Similarly, other studies reported positive association between abdom-
inal obesity and the incidence of glaucoma [62-64]. In Asian pop-
ulations, most studies reported positive association between
BMI-defined obesity and increased IOP [65-68]. Interestingly,
BMI-defined obesity was also associated with the progression of the
disease from suspect POAG to definite POAG [62]. Similarly to BMI, WC
was positively associated with POAG [64]. The association between
glaucoma and obesity may be partly explained by the presence of excess
intraorbital adipose tissue and elevated blood viscosity in individuals
with obesity, both of which increase episcleral venous pressure,
decrease aqueous humor (AH) outflow and subsequently raise IOP [69].
Another prevailing hypothesis suggests that DNA damage due to
oxidative stress may lead to degeneration of the trabecular meshwork,
thus increasing aqueous outflow resistance [70]. On the contrary, there
are studies reporting no association between BMI-defined obesity and
POAG [71,72]. Even more, there is a study reporting that each unit in-
crease in BMI resulted in a 7 % decrease in the risk of developing inci-
dent open angle glaucoma in women, but not in men [73]. Other authors
supported that underweight individuals had higher risk of POAG, sug-
gesting a reverse J-shaped association between BMI and POAG, which
was most pronounced in individuals with DM [74]. This seemingly
paradoxical association may reflect a potentially favorable effect of
obesity, which was based on the hypothesis that higher cerebrospinal
fluid pressure, observed in individuals with higher BMI, may possibly
provide counter-pressure against IOP [75]. The above considering,
mechanistic studies are required to definitely clarify whether obesity,
and more specifically visceral obesity, is associated with glaucoma and
elucidate the specific mechanisms possibly linking them.

2.2. Adipokines in age-related ocular diseases

The term adipokines refers to peptides or proteins secreted pre-
dominately from the adipocytes to maintain metabolic homeostasis
[76]. Adipokine profile changes in obesity and their dysregulation may
have adverse pathophysiological consequences. Thus, it was shown that
adipokines are associated with systemic, central nervous system (CNS)
and ocular diseases, mostly the age-related and neurodegenerative ones
[77]. Adiponectin (APN), leptin, lipocalin-2 (LCN-2) and resistin are
adipokines that are studied in ocular diseases and relevant data are
summarized hereby.

2.2.1. Adiponectin

APN circulates in high levels, which diminish in obesity and related
diseases, contrary to most adipokines which increase in obesity [78].
APN plays a significant role in metabolic and cardiovascular regulation
by enhancing insulin sensitivity, promoting glucose uptake and lipid
metabolism, and exhibiting anti-inflammatory properties through its
receptors, adiponectin receptor (AdipoR)1 and AdipoR2 [78]. Both APN
and its receptors, AdipoR1 and AdipoR2, are expressed in the retina,
particularly in the outer nuclear layer, in which rods and cones reside.
Nonetheless, the precise role of APN in the pathogenesis of age-related
ocular diseases remains under investigation. The circulating APN
levels were linked to DR [79], the retinopathy of prematurity [80] and
AMD [81]. Interestingly, smoking, a known risk factor of AMD, was also
shown to reduce circulating APN levels. The expression of AdipoR1 in
the retina is believed to be critical for inducing the elongase enzyme
responsible for very long-chain fatty acids (ELOVL2), which may be
essential for the adequate supply of docosahexaenoic acid (DHA), the
last being necessary for the appropriate function and survival of
photoreceptor cells [82]. Furthermore, APN may influence retinal lipid
metabolism by facilitating the removal of excess cholesterol, reducing
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acid sphingomyelinase activation, or ceramide to
sphingosine-1-phosphate [83,84].

Oxidative stress plays a critical role in the pathogenesis of age-
related ocular diseases, particularly DR, AMD, cataract and glaucoma.
APN seems to mitigate oxidative stress by downregulating the genera-
tion of reactive oxygen species (ROS), attenuating lipid peroxidation and
enhancing antioxidant defense mechanisms [85]. Furthermore, APN
plays a role in inhibiting the inflammatory response, promoting vaso-
dilation and triggering autophagic clearance through the activation of 5'
adenosine monophosphate-activated protein kinase (AMPK) [86,87].
The association of APN with autophagy seems to be important, because
impaired autophagy was associated with retinal pigment epithelium
(RPE) damage and the development of AMD [85].

Polymorphisms in APN and its receptors were associated with
various metabolic diseases [88,89] and also with the development of
AMD. Notably, the rs10753929 variant of AdipoR1 was associated with
AMD in a Finnish cohort [11]. In a Chinese study, the APN genetic
variant rs822396 was associated with advanced stages of AMD [12].
Another genetic variant of APN, the rs822396, was associated with the
susceptibility to AMD, thereby being proposed as a potential genetic
biomarker of the early detection of the disease [12].

Investigation of the association between APN and DR was conducted
using plasma and vitreous humor (VH) samples from patients with PDR,
who had undergone vitrectomy, revealing elevated VH APN levels.
Notably, VH APN was negatively associated with vascular endothelial
growth factor (VEGF) levels in those who underwent laser treatment
prior to vitrectomy [14]. Another study compared APN levels in the
serum and AH between diabetic patients with and without DR, indi-
cating strong association of AH APN levels with the development and
progression of DR. In the same study, serum APN was associated with
intraocular cytokines, including VEGF [16]. An additional study showed
positive associations between serum APN levels and retinal blood flow in
men, but not in women, with T2DM and early-stage DR [15]. To explain
this gender difference, it was speculated that the expression of AdipoR1
and AdipoR2 may differ between men and women and may account for
such differences [15]. Some authors hypothesized that high levels of
APN in AH may be a protective, compensatory mechanism in PDR,
which may promote increased nitric oxide production, insulin sensitivity
and may exhibit anti-inflammatory effects [13]. The variation in APN
levels between serum and AH was reportedly linked to the critical role of
the blood-retinal barrier (BRB) in regulating intraocular homeostasis
[13]. Another study in a Japanese population with T2DM found a pos-
itive association of serum APN and high molecular weight (HMW) APN
with the severity of DR [90]. Additionally, other authors reported an
association between serum APN levels and genetic variations in APN
receptors with DR in patients with T2DM [91]. In line, another group
showed that serum APN levels were increased in patients with DR and
they were positively associated with the severity of DR [92]. On the
contrary, other authors supported that patients with T2DM and DR
exhibited lower serum APN levels compared to those without DR [93,
94]. Some of them also supported that serum APN levels were inversely
associated with the severity of DR [93], a finding contradicting the re-
sults of all the above mentioned studies.

Retinal edema and neovascularization are the main causes of vision
loss in DR and other retinal vascular diseases, including retinal vein
occlusion (RVO). Increased expression and localization of APN at the
occluded site of retinal veins was positively associated with the devel-
opment of retinal edema in RVO mice [95]. Thus, APN may be a po-
tential target for the treatment of neovascularization and retinal edema,
which, however, remains to be shown [95]. Another driver of many
vision-threatening ocular diseases, such as glaucoma, cataract, AMD,
PDR and proliferative vitreoretinopathy (PVR), is fibrosis [96]. A rele-
vant study supported that APN levels were elevated in the vitreous and
subretinal fluid of patients with PDR and PVR, respectively [97]. In this
regard, APN may play a role in regulating the vascular-fibrotic switch in
ocular fibrosis by reducing VEGF and shifting the balance towards
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fibrosis [97]. Given that APN has shown antifibrotic effects in some
extraocular sites, such as the liver, whereas profibrotic effects in the
kidney and the retina, it was speculated that the role of APN as a anti-
fibrotic or profibrotic mediator is largely determined by the cell type,
the pathological context and its receptor interactions [97]. However, all
these remain to be definitely shown in mechanistic studies.

Regarding glaucoma, plasma sirtuin 1 (SIRT1) and APN levels were
compared among patients with POAG, exfoliative glaucoma and healthy
controls. Interestingly, SIRT1 levels were lower in POAG patients
compared to controls, whereas there was no significant difference in
plasma APN levels between groups [18]. A previous animal model
investigating the effects of AdipoRon, an APN analog, on
glutamate-induced cell death in rat primary retinal ganglion cells
(RGCs) showed that AdipoRon increased the survival rate of RGCs and
decreased ROS production [98], both being potentially favorable for
glaucoma. However, this action achieved through APN receptors seems
to be favorable in glaucoma, in contrast with the above mentioned
potentially unfavorable APN effect on retinal fibrosis. Thus, the effects
of APN may be different in different ocular diseases, an hypothesis
warranting further mechanistic studies.

Regarding cataract, there are limited data on APN. Serum APN levels
were higher in patients with cataract than controls in a study [17].
Another study reported no differences in plasma APN levels when
comparing patients with senile cataract with patients with PDR; how-
ever, the AH APN levels were higher in the latter than the former group
[13]; however, the pathophysiologic effect of APN in cataract, if any,
remains to be shown.

2.2.2. Leptin

Leptin is the first identified adipokine and is secreted mainly by the
white adipose tissue; its serum levels are positively associated with total
fat mass, thus reflecting primarily the amount of energy stored in adi-
pose tissue [99]. Among its associations with multiple diseases, leptin
has been linked to a reduced incidence of dementia and Alzheimer’s
disease [100-102], the latter sharing several clinical and pathological
features with AMD [20]. More specifically, participants with AMD
exhibited lower serum leptin levels compared to controls; vice versa,
higher leptin levels were inversely associated with AMD, particularly in
women, individuals of Indian ethnicity and former smokers [20]. A
smaller hospital-based study similarly reported lower serum leptin
levels in patients with AMD compared to controls; more importantly,
patients with advanced AMD had lower leptin levels than those with
early disease [19], possibly indicating progressive decrease of leptin
levels from the controls to early AMD and then to advanced AMD.

Several mechanisms have been proposed to explain the inverse as-
sociation between leptin and AMD. First, leptin promotes the clearance
of extracellular amyloid [103] and participates in lipid metabolism. Of
note, accumulation of nonfibrillar amyloid-beta, long chain fatty acid
cholesterol esters, non-esterified cholesterol, and apolipoproteins B100,
A-1 and E between Bruch’s membrane and the RPE form the drusen
deposits, which are hallmark of AMD [104,105].

The wet form of AMD is primarily characterized by choroidal neo-
vascularization. The presence of leptin in choroidal neovascular mem-
branes surgically excised from patients with AMD, idiopathic choroidal
neovascularization and ocular histoplasmosis was reported in 2001
[106]. Later, other authors showed in vitro that chronic exposure to
VEGF, a key angiogenic factor in the retina, enhances both the local
expression and function of leptin. Since leptin can also activate VEGF
mRNA and protein expression, this functional vicious cycle seems to
contribute to a pro-angiogenic and pro-inflammatory milieu within the
retina [107,108], favoring the development of ocular diseases.

Moreover, elevated leptin levels in VH taps were observed in patients
with PDR, indicating a potential role in the pathogenesis of DR [22].
However, other authors did not find higher VH levels of leptin in pa-
tients undergoing vitrectomy for PDR compared to non-diabetic patients
with non-proliferative ocular diseases. an outcome partially attributed
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to the exclusion of patients with vitreous hemorrhage [21].

Leptin may serve as a neuroprotective agent in glaucoma, a neuro-
degenerative condition characterized by the progressive loss of RGCs.
This was potentially attributed to the leptin-induced prevention of RGC
death by mitigating apoptosis, oxidative stress and excitotoxic damage
[109], but it remains to be definitely shown.

Concerning cataract, the involvement of leptin is not straightfor-
ward. Oxidative stress and higher BMI were associated with cataract
formation [110,111]. Thus, it was expected that leptin, positively
associated with BMI and oxidative stress, would also have been associ-
ated with cataract. Nonetheless, in a recent study, serum leptin levels
were similar in patients with cataract versus controls [17]. Given that
leptin research in ocular disease is in its infancy, much more research is
expected.

2.2.3. Lipocalin-2

LCN-2 has been implicated in acute and chronic inflammation and
has shown to be upregulated in several ocular diseases. Notably, some
studies reported higher expression of LCN-2 in the retina of human
donors with AMD [112]. Circulating LCN-2 levels were elevated in
overweight and obese patients with DR compared to those without DR;
LCN-2 was reportedly an independent predictor of DR in this study [24].
In another study, elevated AH LCN-2 levels were observed in patients
with persistent or recurrent wet AMD, suggesting a link to the chronic
inflammatory process involved in the pathogenesis of chronic macular
edema associated with AMD [23]. A subsequent study suggested a po-
tential role of LCN-2 in AMD pathogenesis, proposing that nuclear factor
kappa B (NF-kB) and signal transducer and activator of transcription 1
(STAT-1) may collaborate to regulate LCN-2 expression in the retina,
thus stimulating an inflammatory response. These findings may indicate
the NF-kB/LCN-2 signaling as a potential target for AMD treatment
[113]. Furthermore, LCN-2 was linked to the pathological process un-
derlying RVO, and was suggested by some authors as a prognostic
marker for visual outcomes following intravitreal anti-VEGF therapy
[25]. In the context of DR, LCN-2 was associated with impaired function
of retinal photoreceptors and neurons [114]. Furthermore, LCN-2 pro-
motes angiogenesis by inducing apoptosis in retinal vascular endothelial
cells, as well as retinal inflammation, since LCN-2 was shown to recruit
inflammatory cells and to trigger the secretion of pro-inflammatory
cytokines [114]. Importantly, silencing LCN-2 may mitigate retinal
damage, potentially through the inhibition of caspase-1-mediated
pyroptosis, positioning LCN-2 as a promising target for the treatment
of DR [114].

2.2.4. Resistin

Resistin seems to contribute to the pathophysiology of obesity and
related diseases [115]. Resistin was shown to upregulate VEGF receptor
(VEGFR)1 and VEGFR2 mRNA expression in human coronary and lung
endothelial cells [[27]]. However, in the context of PDR, which is pri-
marily driven by angiogenic mechanisms, no difference in circulating
resistin levels were observed between patients with PDR and controls
[27]. Based on these findings, the authors speculated that resistin may
not be inserted into the VH, therefore it cannot affect retinal neo-
vascularization [27]. On the contrary, other authors reported positive
association between serum resistin levels and the grade of DR in patients
with T2DM [26]. Concerning RVO, which primary affect retinal vascu-
lature, patients with RVO seem to have lower resistin levels in the AH
than patients with senile cataract [25]. Thus, existing data are consid-
ered limited to draw secure conclusions on any potential role of resistin
in DR and RVO. More studies are needed, including studies focused on
the potential ocular resistin expression in various ocular diseases.
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3. Cross-talk between the liver and the eye
3.1. Association between MASLD and age-related ocular diseases

Similarly to obesity, MASLD has been emerged as a potential risk
factor of age-related ocular diseases in an increasing number of studies,
which are briefly summarized in this section. Most of the existing studies
are observational ones that have investigated the link between MASLD
and DR, owing to the well-established bidirectional association between

Table 2
Clinical studies linking selected hepatokines with age-related ocular diseases®.
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MASLD and DM [116]. Therefore, there is comparatively less informa-
tion on the association of MASLD with cataract, glaucoma and AMD.
Major relevant studies are summarized in Table 2. Although we favor the
use of the novel nomenclature of MASLD in future studies, herein we
also kept the previous terms of nonalcoholic fatty liver disease (NAFLD)
or metabolic dysfunction-associated fatty liver disease (MAFLD) as used
in the original studies, acknowledging differences among different def-
initions of the disease, despite the significant overlap [117].
Observational studies regarding the association between NAFLD/

First author Year Origin Type of Characteristics Ocular Main findings
[reference] study disease
Adropin
Ornek [118] 2016  Turkey  Case-control 98 patients with AMD AMD No difference in circulating adropin between patients with AMD and controls
Dry (51) No difference in circulating adropin between patients with dry and wet AMD.
Wet (47)
78 controls
Neethu [119] 2020 India Case-control 39 patients with AMD AMD No difference in circulating adropin between patients with AMD and patients
39 patients with T2DM with T2DM without AMD
without AMD
Saaedi-Maleki 2024  Iran Case-control 44 patients with wet AMD Circulating adropin was lower in patients with wet AMD versus controls
[120] AMD [268.75 (257.97-284.52) versus 331.00 (317.70-341.65) pg/ml]
45 controls
Li[121] 2019  China Case-control 165 patients with T2DM DR Circulating and VH adropin were progressively decreased from controls to
Non-DR (52) patients with non-DR, to NPDR and to PDR
NPDR (69) Higher circulating and VH adropin were associated with reduced risk of DR (OR
PDR (44) 0.046, 95 % CI 0.011-0.197)
68 controls
Li [122] 2020  China Case-control 392 patients with T2DM DR Circulating adropin was progressively decreased from controls to patients with
Non-DR (174) non-DR, to NPDR and to PDR
NPDR (118) Higher circulating adropin was associated with lower risk of DR (OR 0.928, 95
PDR (100) % CI 0.898-0.960)
120 controls
Fetuin-A
Javadzadeh 2015 Iran Case-control 40 patients with AMD AMD Circulating fetuin-A was higher in patients with AMD versus controls (50.27 +
[123] 49 controls 5.04 versus 44.99 + 10.28 ng/mL)
Zhao [124] 2015  China Case-control 224 patients with T2DM DR Circulating and VH fetuin-A were higher in patients with DR versus controls
Non-DR (68)
NPDR (54)
PDR (102)
68 controls
Zhou [125] 2016  China Case-control 245 patients with T2DM DR Circulating fetuin-A was independently and positively associated with
Non-DR (95) circulating VEGF and CRP in patients with DR, but not in non-DR group or
NPDR (78) controls
PDR (72)
65 controls
Li [126] 2023 China Cross- 100 patients with T2DM DR Circulating fetuin-A was higher in patients with than without DR
sectional DR (50) Higher circulating fetuin-A was associated with higher risk of DR (OR 1.041,
Non-DR (50) 95 % CI 1.003-1.081)
Chang [127] 2021 China Cross- cataract + T2DM (5) Cataract Fetuin-A expression was higher in the AH of the T2DM and smoking groups,
sectional cataract + smoking (5) with the highest levels observed in the combined group of T2DM and smoking
cataract + T2DM +
smoking (8)
cataract-controls (9)
FGF-21
Lee [128] 2023  China Prospective 4760 patients with DR Circulating FGF-21 at baseline was comparable between patients with and
T2DM without development of sight-threatening DR
Incident STDR 3.6 %
Median follow-up 9 years
Jiang [129] 2024 China Meta- 15 observational studies DR Circulating FGF-21 was higher in patients with than without DR (SMD 2.12, 95
analysis % CI 1.40-2.84)
RBP-4
Chou [130] 2023  China Case-control 32 healthy or with mild AMD Increased circulating RBP-4 was associated with severe AMD in univariate, but
AMD not in multivariate analysis after age adjustment
30 patients with severe
AMD
Han [131] 2020  China Meta- 19 observational studies DR Circulating RBP-4 was higher in NPDR (SMD 0.72, 95 % CI 0.48-0.95) and PDR
analysis 2856 patients with (SMD 2.68, 95 % CI 1.69-3.67) versus non-DR in patients with T2DM

T2DM

Abbreviations: AH, aqueous humor; AMD, age-related macular degeneration; CI, confidence interval; CRP, C-reactive protein; DR, diabetic retinopathy; FGF-21;
fibroblast growth factor-21; NPDR, non-proliferative diabetic retinopathy; OR, odds ratio; PDR, proliferative diabetic retinopathy; RBP-4, retinol binding protein-
4; SMD, standardized mean difference; T2DM, type 2 diabetes mellitus; VEGF, vascular endothelial growth factor.

2 Studies are primarily sorted by the respective hepatokine, secondarily by the type of age-related ocular disease and subsequently by the year of publication.
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MAFLD/MASLD and DR have to date yielded conflicting findings. Of
note, similarly to obesity, some studies have paradoxically shown an
inverse association between ocular diseases and NAFLD in patients with
T2DM, despite the well-established potential of NAFLD to result in the
progression of DM and vice versa [116]. Meta-analyses on this topic have
concluded that NAFLD is not a risk factor of DR in patients with T2DM,
albeit race-specific differences may affect this association [132,133].
However, DR was positively associated with hepatic fibrosis determined
non-invasively with either NAFLD fibrosis score (NFS) or transient
elastography (TE) (OR 1.69, 95 % CI 1.30-2.20) in one of the above
mentioned meta-analyses, leading the authors to suggest that ocular
examination of DR may identify patients with T2DM at risk of advanced
NAFLD [133]. Our updated meta-analysis comprising of 24985 in-
dividuals showed that NAFLD was associated with higher OR of reti-
nopathy compared to non-NAFLD in T1DM (OR 2.35; 95 % CI
1.53-3.60), but not in T2DM patients [134]. More recently, MASLD with
or without coexisting significant fibrosis, based on hepatic steatosis
index (HSI) and fibrosis-4 (FIB-4) score, was also associated with higher
percentage of retinopathy in T1DM Italian patients [135]. Interestingly,
a prospective cohort study involving 4524 adults Chinese with NAFLD,
MAFLD, or concomitant NAFLD/MAFLD showed that MAFLD, but not
NAFLD, was associated with higher risk of multiple-site atherosclerosis,
including retinal atherosclerosis (OR 1.79; 95 % CI 1.28-2.52) during a
median follow-up of 2 years [136]. Among MAFLD subtypes, patients
with DM-MAFLD presented the highest risk of subclinical atherosclerosis
[136]. In another study, which evaluated the differential effect of MetS
components on microvascular and macrovascular complications in pa-
tients with MASLD, patients with MASLD and all MetS components had
the highest risk of retinopathy [137]. Owing to the close association
between MASLD and other metabolic disorders, such as obesity, IR,
dyslipidemia, arterial hypertension, it is practically difficult to isolate
the effect of one versus the other components of MetS, thus establishing
whether a causative effect of MASLD on retinopathy exists and whether
this is additive to that of DM. However, by treating liver disease
simultaneously with other metabolic risk factors may help prevent DR,
but it remains to be shown. Besides DR, NAFLD has been recognized as a
risk factor of other retinal vascular lesions, such as arteriovenous
compression and arterial narrowing in the retina, which also deserves
further investigation [138].

Data linking NAFLD/MAFLD/MASLD with other ocular diseases are
relatively limited; for example, in a recent study using data from 4246
participants in the fifth Korea National Health and Nutrition Examina-
tion Survey (KNHANES) 2010-2011 database, the diagnosis of MAFLD
exhibited a stronger association with cataract compared to the diagnosis
of NAFLD (OR 1.34, 95 % CI 1.10-1.64), whereas the risk of cataract
increased linearly with increasing values of FIB-4 and NFS, both being
non-invasive indices of hepatic fibrosis [139]. Another large-scale
cohort study of 326558 UK Biobank participants followed over a me-
dian of 13 years showed that severe NAFLD, characterized by cases
requiring hospitalization, was associated with an increased risk of
developing cataract (HR 1.47; 95 % CI 1.33-1.61) [140]. Additionally,
moderate to severe ultrasound (US)-defined NAFLD, but not mild
NAFLD, was associated with increased IOP (>15 mmHg) compared to
non-NAFLD in Korean adults [141]. However, in another study having
included 16240 Korean adults undergoing health examination, the as-
sociation between US-defined NAFLD and higher IOP (>22 mmHg),
while initially significant in unadjusted analysis, did not remain robust
after adjustment for potential confounders [142], implying that the
development of both NAFLD and glaucoma may have one or more
common denominators, but their direct association may be limited.
Finally, hints on a potential link between NAFLD and AMD were pro-
vided by one experimental study, in which mice fed a “fast food” diet for
9 months developed MetS and steatohepatitis along with retinal alter-
ations characteristic of AMD [143]. Again, this study cannot show a
direct association between steatohepatitis and AMD, since the common
denominator maybe the fast-food diet in this study.
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3.2. Hepatokines in age-related ocular diseases

Despite anatomically unrelated, the liver and the eye appear to cross-
talk each other; clinically, this is evidenced by the fact that specific
ocular manifestations, such as scleral jaundice, or Kayser-Fleischer ring
result from liver dysmetabolism, such as disrupted bilirubin and copper
metabolism, respectively [144]. Beyond these metabolic links, emerging
evidence suggests that the liver directly communicates with the eye
through the release of liver-specific molecules, collectively termed
hepatokines [144]. This section provides a brief overview of the current
data on the potential involvement of hepatokines in age-related ocular
diseases.

3.2.1. Adropin

Adropin is a 76-amino acid polypeptide, which was initially
discovered in mouse liver in 2008, participating in energy homeostasis
and lipid metabolism [145]. Later, adropin was also detected in several
other tissues [146,147]. Adropin, which is considered to exert beneficial
metabolic effects, displays lower circulating levels in patients with
NAFLD, MAFLD and T2DM compared to controls [148-151]. Circulating
and VH adropin levels were shown to have progressively lower trend
across different stages of DR in two case-control studies including pa-
tients with T2DM [121,122]; thus, adropin may warrant further inves-
tigation as a non-invasive biomarker of DR severity. Data on circulating
adropin in AMD are conflicting; lower adropin levels were shown in
patients with AMD than controls in some [120], albeit not all studies
[118,119].

3.2.2. Fetuin-A

Fetuin-A is almost exclusively secreted by the liver and is increased
in hepatic steatosis and inflammation [152]. Circulating fetuin-A is also
higher in obesity and has been independently associated with T2DM, IR,
MetS and cardiovascular diseases; however, there are conflicting data
about the association between fetuin-A and NAFLD [153]. Contrary to
adropin, serum and VH fetuin-A have been reported to be higher in
T2DM patients with than without DR [124]. In line, circulating fetuin-A
was independently associated with an increased risk of DR after
adjustment for potential confounders in another study [126]. In addi-
tion, circulating fetuin-A was shown to be positively associated with
serum levels of both VEGF and C-reactive protein (CRP) in DR patients,
but not in non-DR patients or controls [125]. Of note, an in vitro study
demonstrated that fetuin-A stimulates interleukin (IL)-6 and IL-8, as well
as VEGF mRNA expression in retinal perivascular fat and endothelial
cells [154]. Therefore, fetuin-A may promote the expression of angio-
genic and inflammatory mediators in hyperglycemic and hyper-
insulinemic states and may be involved in the pathogenesis of DR.
Higher circulating and AH fetuin-A levels in patients with AMD or
cataract were also reported by only two studies to-date, thus requiring
further confirmation [123,127].

3.2.3. Fibroblast growth factor-21

Fibroblast growth factor (FGF)-21 is an important metabolic regu-
lator of glucose and lipid metabolism [155]. Its serum levels have been
reported to be elevated in NAFLD patients [156], as a potentially
counterbalanced mechanism against hepatic steatosis and inflammation
[157]. Experimental studies showed that FGF-21 administration pre-
vented pathological neovascularization in the retina and choroid [158],
inhibited retinal vascular leakage [159] and protected photoreceptor
function in murine models of AMD [160]. Notably, these beneficial ef-
fects depend on the regulation of metabolic and inflammatory pathways:
FGF-21 enhances APN expression and suppresses the activation of NF-kB
and complement pathways, thereby decreasing IR, hyperglycemia and
inflammation independently of VEGF-A [158]. In addition, most
case-control studies reported higher circulating FGF-21 in T2DM pa-
tients with than without DR [129], although a recent prospective study
found no significant difference at baseline circulating FGF-21 levels
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between T2DM patients with and without sight-threatening DR [128].
Therefore, FGF-21 may be a possible therapeutic target for neovascular
eye diseases, such as DR and neovascular AMD, which, however, re-
mains to be shown.

3.2.4. Retinol binding protein-4

Retinol binding protein (RBP)-4 is a transporter protein responsible
for delivering vitamin A (retinol) from the liver to the retina [161]. Loss
of RBP-4 function due to genetic mutations in human was associated
with retinal dystrophy [162]. Although this is not a constant finding
[163], elevated RBP-4 levels were linked to obesity, IR and NAFLD by
some authors [164,165]; RBP-4 were also linked to progressive retinal
degeneration through microglial activation and loss of RGCs and bipolar
cells in diabetic mice and transgenic mice overexpressing RBP-4
(RBP-4-Tg) [166,167]. In this regard, either low or high levels of
RBP-4 seem to have undesirable ocular consequences, which was sup-
ported to be true for most adipokines and hepatokines [168]. In this
regard, it was hypothesized that high RBP-4 may elicit retinal neuro-
degeneration through a retinol-independent proinflammatory mecha-
nism, mediated by Toll-like receptor 4 (TLR4) [166]. In the clinical
context, a meta-analysis of 19 studies of patients with T2DM showed
that circulating RBP-4 was higher in both non-proliferative and prolif-
erative DR versus patients without DR [131]. Furthermore, RBP-4 an-
tagonists have been developed and tested for the treatment of the dry
form of AMD in preclinical studies that may hopefully be applicable to
human AMD, in which a higher trend of circulating RBP-4 has been
observed [130].

4. Potential therapeutic implications

To-date, cataract is surgically managed, whereas the management of
glaucoma typically begins with topical drug administration targeting to
reduce IOP, while surgical management is reserved for advanced or
treatment-resistant cases of glaucoma [169]. For neovascular retinopa-
thies (i.e., wet AMD, PDR), current treatment options primarily focus on
the direct intravitreal inhibition of VEGF by anti-VEGF therapy,
including ranibizumab, aflibercept and bevacizumab, which are
considered the standard of care [170]. Although, anti-VEGF therapy is
considered to be safe and effective, challenges remain, as some patients
exhibit resistance to treatment, the protocols often require repeated
injections that pose a risk of complications (e.g., infection) and
anti-VEGF therapy is ineffective in addressing progressive forms of other
retinopathies (i.e., dry AMD, NPDR) [171]. Therefore, given the limited
therapeutic options, especially for neovascular retinopathies, targeting
specific adipokines and/or hepatokines, may hopefully mitigate or
prevent certain age-related ocular diseases based on the
above-mentioned potential implication in the pathogenesis of these
diseases. Although relevant research is at its infancy, some attempts are
summarized hereby.

AdipoRon, an adiponectin agonist, has recently gained attention for
its potential therapeutic effects on DR and glaucoma [98,172]. It ap-
pears to offer neuroprotection against RGC death, a hallmark of glau-
coma. AdipoRon may mitigate oxidative stress by upregulating
peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a),
estrogen-related receptor a (ERRa) and mitochondrial transcription
factor A (TFAM) in rat models of glaucoma [98]. In DR models, Adi-
poRon promoted the synthesis and expression of early growth response
factor 4 (EGR4) and alleviated oxidative stress and apoptosis of cells and
tissues in AMPK dependent pathways [172].

Fenretinide, an RBP-4 inhibitor, has been investigated in clinical
trials as a potential treatment for dry AMD [173]. In a 2-year random-
ized controlled trial involving 246 patients with advanced dry AMD
(geographic atrophy), treatment with fenretinide showed a reduction in
the incidence of choroidal neovascularization, particularly in the
higher-dose group [173]. Ongoing clinical trials continue to explore the
therapeutic effects of targeting RBP-4 (clinicaltrials.gov identifier:
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NCT03735810).

Long-acting FGF-21 demonstrated potential in counteracting VEGF-
induced retinal vascular leakages in DR by increasing the expression
of inter-endothelial tight junction protein Claudin-1 [159]. FGF-21 also
showed promise in inhibiting retinal neovascularization and inflam-
mation in AMD animal models, likely through an APN-dependent
mechanism [158].

Furthermore, given the potential association between obesity and
ocular disease, preventive measures for the development and progres-
sion of age-related eye diseases should include lifestyle modifications,
such as weight loss, a balanced diet and a regular physical activity [38].
In selected patients with morbid obesity, bariatric surgery may prove
effective against POAG, AMD and cataracts [38]. Studies with patients
undergoing bariatric surgeries (mini gastric bypass, laparoscopic sleeve
gastrectomy) found that reduced BMI after surgery was associated with
reduction in IOP and increase in retinal nerve fiber layer thickness,
suggesting that bariatric surgery may have favorable effects on patients
with morbid obesity and POAG [174,175]. Additionally, in a prospective
study including young patients with morbid obesity, sleeve gastrectomy
improved macular and peripapillary choroidal thickness, which may be
beneficial for patients with AMD [176]. Another study reported that
weight loss achieved after bariatric surgery is associated with a reduced
risk of cataract, especially in patients younger than 60 years [177].
However, bariatric surgery cannot be performed to all patients with
obesity, but only in selected ones and there is high need for active
long-term surveillance after surgery [178].

Notably, it is equally important to take into consideration potentially
ocular adverse effects of the medications used for the treatment of
obesity, T2DM and MASLD in clinical practice. In this regard, in a meta-
analysis of randomized clinical trials, glucagon-like peptide-1 receptor
agonists (GLP-1RAs) were associated with increased risk of early-stage
DR [179]. Although this finding needs verification by other studies, it
simultaneously underscores the need for further research in the field, as
well as for careful consideration and active surveillance to ensure that
anti-obesity, anti-T2DM and anti-MASLD medications do not complicate
ocular diseases.

5. Conclusions

Obesity, MASLD and ocular diseases seem to share common age-
related pathophysiological processes orchestrated, in part, by alter-
ations in the secretion patterns of adipokines, primarily by the adipose
tissue that dysfunctions in obesity, and hepatokines, primarily by the
liver that dysfunctions in MASLD (Fig. 1). Although obesity and MASLD
are strongly associated and share common pathogenetic mechanisms,
they are distinct pathogenic entities that affect each other [180]. It
should be highlighted that about 10-15 % of patients with MASLD are
not obese, a subgroup characterized as lean MASLD that also has high
morbidity and mortality, maybe higher than patients with MASLD and
obesity [181]. In this regard, MASLD is regarded as a multisystem dis-
ease that may affect various organs, and be affected be various organs in
a bidirectional way; this may occur either directly or indirectly through
obesity, dysglycemia, dyslipidemia and/or arterial hypertension that are
common in MASLD [182].

Regarding the association between obesity and ocular disease,
visceral adiposity seems to be associated with age-related ocular dis-
eases more consistently than BMI-defined obesity. Regarding adipo-
kines, altered APN levels, both circulating and in ocular fluids, as well as
gene polymorphisms have been associated with AMD and PDR, whereas
evidence linking APN with glaucoma and cataract are limited. Some of
the other adipokines were found to be associated with AMD and DR
whereas further research is guaranteed to draw secure conclusions for
adipokines as potential mediators between obesity and the ocular dis-
eases. Regarding the association between MASLD and ocular disease,
most clinical data concur that MASLD is probably associated with
increased risk of DR in T1DM, whereas not in those with T2DM. The
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Fig. 1. Interplay between obesity, MASLD and age-related ocular diseases. Schematic representation of the consequences of obesity and MASLD on ocular
homeostasis directly and through the effects of adipokines and hepatokines, respectively. AMD, age-related macular degeneration; DR, diabetic retinopathy; FGF-21:
fibroblast growth factor-21; MASLD, metabolic dysfunction-associated steatotic liver disease; O.N., optic nerve; RBP-4, plasma retinol-binding protein 4; RGCs,

retinal ganglion cells; RVO, retinal vein occlusion.

association between MASLD and AMD, glaucoma and cataract needs
further investigation. Regarding hepatokines, low adropin levels were
associated with DR severity in T2DM, while high serum fetuin-A and
FGF-21 levels were observed in patients with DR. Furthermore, serum
RBP-4 seems to be higher in patients with than without DR; notably RBP-
4 was shown to promote retinal neurodegeneration in animal models of
DR. In this regard, potentially novel adipokine-based and hepatokine-
based therapies, including AdipoRon, fenretinide and FGF-21 agonist
may prove to be beneficial for ocular diseases in the near future.
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