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Abstract: Adiponectin, an adipose-derived hormone, plays a pivotal role in glucose regulation
and lipid metabolism, with a decrease in circulating adiponectin levels being linked to insulin
resistance and prediabetes. This review examines the therapeutic potential of adiponectin in
managing prediabetes, elucidating on multiple aspects including its role in glucose and lipid
metabolism, influence on insulin sensitivity, and anti-inflammatory properties. Moreover,

the paper highlights the latest strategies to augment adiponectin levels, such as gene
therapy, pharmacological interventions, dietary modifications, and lifestyle changes. It also
addresses the challenges encountered in translating preclinical findings into clinical practice,
primarily related to drug delivery, safety, and efficacy. Lastly, the review proposes future
directions, underlining the need for large-scale human trials, novel adiponectin analogs,

and personalized treatment strategies to harness adiponectin’s full therapeutic potential in
preventing the transition from prediabetes to diabetes.
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Introduction

Prediabetes, often considered the ‘gray zone’
between normal glucose homeostasis and overt
type 2 diabetes mellitus (T2DM), is a condition
marked by blood glucose levels that are higher
than normal but not yet in the diabetic range.!
Globally, the prevalence of prediabetes is on the
rise, with an estimated 470 million people
expected to be affected by 2030.2 This surge is
alarming, given that prediabetes increases the risk
of progression to T2DM and elevates the chances
of developing cardiovascular diseases.> The
World Health Organization (WHO) and the
International Diabetes Federation have recog-
nized prediabetes as a critical global health chal-
lenge, given its strong association with the future
onset of T2DM.* Recent epidemiological studies
suggest that nearly one in three adults in devel-
oped countries may have prediabetes, with many
being unaware of their condition.’ The economic
burden of prediabetes, considering its potential

progression to diabetes and associated complica-
tions, is substantial.®

Adiponectin, a protein hormone predominantly
synthesized by adipocytes, has been identified as
a key player in the regulation of glucose and lipid
metabolism.” Prediabetes, characterized by
impaired glucose tolerance, fasting glucose, or
glycated hemoglobin (HbA1c), is a critical stage
in the progression toward type 2 diabetes.® Lower
circulating levels of adiponectin have been associ-
ated with insulin resistance and prediabetes.%1°

Various i vitro and i vivo studies suggest that adi-
ponectin enhances insulin sensitivity, exhibits anti-
inflammatory properties, and may have a protective
role against the progression from prediabetes to
diabetes.!>12 Although evidence demonstrates the
significance of adiponectin in metabolic regula-
tion, the therapeutic potential of adiponectin in
prediabetes is yet to be fully exploited.
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Novel strategies aiming to enhance adiponectin
levels or activity include gene therapy, pharmaco-
logical interventions, and lifestyle changes.!3:14
However, these strategies face multiple chal-
lenges, including difficulties in drug delivery,
potential side effects, and variability in individual
responses.1>

This review aims to elucidate the therapeutic
potential of adiponectin in the management of
prediabetes, detailing the various strategies
employed, the challenges faced, and suggesting
future directions to harness the full therapeutic
potential of adiponectin.

Methodology: Search strategy

For the comprehensive review, a systematic
search was executed across two predominant
databases: PubMed and Google Scholar. These
platforms were chosen due to their extensive col-
lection of peer-reviewed articles, journals, and
conference proceedings, providing a holistic view
of the topic under investigation. Specific key-
words and MeSH terms were employed to refine
the search, ensuring the retrieval of the most rel-
evant and recent studies related to the therapeutic
potential of adiponectin in prediabetes. This rig-
orous search strategy ensured an in-depth under-
standing of the topic and ensured the quality and
relevance of the sources referenced.

Biology and function of adiponectin
Adiponectin, a unique adipokine, has garnered
significant attention in metabolic research due to
its paradoxical increase in lean individuals and
decrease in those with obesity and metabolic syn-
drome.!® Unlike other adipokines, adiponectin
appears to play a protective role against the devel-
opment of insulin resistance and other metabolic
complications.

Molecular structure and isoforms

Adiponectin, a 244-amino acid protein, is primar-
ily secreted by adipocytes and is found in the
bloodstream in three main isoforms: low-molecu-
lar-weight trimers, medium-molecular-weight
hexamers, and high-molecular-weight (HMW)
multimers.!” The HMW form, which consists of
12-18 monomers, is believed to be the most bio-
logically active isoform, particularly in terms of its
insulin-sensitizing effects.!® The varying molecular

structures of these isoforms are attributed to the
post-translational modifications, especially the for-
mation of disulfide bonds, which influence their
biological activities.!®

Adiponectin receptors and signaling pathways
Two primary receptors mediate the effects of adi-
ponectin: AdipoR1 and AdipoR2.12 AdipoR1 is
predominantly expressed in skeletal muscle, while
AdipoR2 is mainly found in the liver. Upon bind-
ing to these receptors, adiponectin activates several
intracellular signaling pathways. One of the most
prominent is the AMP-activated protein kinase
(AMPK) pathway, which plays a crucial role in
energy homeostasis and metabolic regulation.20
Another significant pathway is the peroxisome pro-
liferator-activated receptor-alpha (PPAR-a) signal-
ing, which is involved in fatty acid metabolism.?!

Role of adiponectin in glucose and lipid
metabolism

Studies have underscored the unique role of adi-
ponectin in the activation of various biochemical
pathways that regulate metabolic functions. A key
mechanism involves the activation of 5" AMPK a
master regulator of cellular energy status.!l:22
Activation of AMPK results in increased glucose
uptake in muscle cells and reduced gluconeogen-
esis in the liver, thereby contributing to better gly-
cemic control.?2 In this context, AMPK activation
leads to enhanced insulin sensitivity, crucial for
optimal metabolic functioning.®

Another pertinent biochemical pathway influ-
enced by adiponectin involves its interaction with
peroxisome  proliferator-activated  receptors
(PPARs), particularly PPARa. The activation of
PPARa leads to increased fatty acid oxidation
and a consequent reduction in triglyceride con-
tent, thereby protecting tissues like skeletal mus-
cle and liver from lipid-induced insulin
resistance.21:23:2¢ Additionally, adiponectin poten-
tiates the expression of genes involved in fatty
acid oxidation while suppressing those associated
with fatty acid synthesis, thereby maintaining a
favorable lipid profile.?5

The interplay between adiponectin and insulin
sensitivity cannot be understated. Adiponectin
enhances the sensitivity of liver and muscle cells
to insulin through its impact on the insulin signal-
ing pathway, primarily by stimulating tyrosine
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phosphorylation of the insulin receptor and its
downstream effector.16:26  Adiponectin-induced
improvements in insulin sensitivity are further
facilitated through its anti-inflammatory effects.
The hormone inhibits the secretion and action of
pro-inflammatory cytokines such as tumor necro-
sis factor-alpha, which has been implicated in the
development of insulin resistance.?’-2° This sug-
gests a dual role for adiponectin in enhancing
insulin sensitivity directly through intracellular
signaling cascades and indirectly through its anti-
inflammatory properties.

Moreover, adiponectin appears to have protective
roles in atherosclerosis through its action on lipid
metabolism. It enhances the uptake of high-den-
sity lipoprotein cholesterol by hepatocytes, con-
tributing to reverse cholesterol transport.3? This
suggests that adiponectin might also have a role in
mitigating the cardiovascular risks often accom-
panying metabolic disorders like diabetes.

In summary, adiponectin’s versatile role in regu-
lating glucose and lipid metabolism positions it as
an intriguing therapeutic target for various meta-
bolic disorders. Its involvement in key biochemi-
cal pathways like AMPK and PPARa activation
provides multiple avenues for potential pharma-
cological intervention. The hormone’s positive
impact on insulin sensitivity, both directly through
cellular signaling and indirectly through its anti-
inflammatory effects, further adds to its therapeu-
tic appeal. Continued research into the
mechanisms underlying these beneficial effects
will provide valuable insights for the development
of targeted therapies.

Adiponectin and prediabetes:
Connecting the dots

Correlation between adiponectin levels

and prediabetes

Several studies have shown an inverse correlation
between circulating adiponectin levels and predi-
abetes. Low adiponectin concentrations have
been associated with elevated fasting glucose,
increased insulin resistance, and impaired glu-
cose tolerance, key hallmarks of prediabe-
tes.31-33 Moreover, epidemiological research has
found that reduced adiponectin levels can pre-
dict the future development of prediabetes, even
after controlling for age, sex, and body mass
index.10:3436 The hormone’s effects on lipid

metabolism, particularly its capacity to lower tri-
glyceride levels, further implicates its protective
role against the onset of prediabetes.37-38
Additionally, adiponectin levels have been
inversely associated with visceral fat accumula-
tion, a known risk factor for prediabetes.39-4!

Moreover, gender-specific correlations have been
noted, wherein low adiponectin levels appear to
be a stronger predictor of prediabetes in women
than in men.3% Interestingly, there is also evidence
that adiponectin can improve endothelial func-
tion, which might offer additional protective
effects against the vascular complications often
seen in prediabetic states.%%2:43

In addition to its role as a biomarker, adiponectin
levels are also being investigated in the context of
exercise and lifestyle interventions. Studies have
shown that physical activity and dietary changes
can lead to increased adiponectin levels, with sub-
sequent improvements in markers of prediabe-
tes.4445 Moreover, adiponectin levels may also be
influenced by pharmacological interventions like
metformin, which is commonly used in treating
prediabetes.46:47

Potential mechanisms of adiponectin in
prediabetes progression

Adiponectin is more than just a marker of meta-
bolic health; emerging evidence indicates that it
may actively participate in the pathogenesis of
prediabetes through multiple mechanisms. Its
well-documented role in enhancing insulin sensi-
tivity is mediated through activation of AMPK,
which results in increased glucose uptake by skel-
etal muscle and suppressed hepatic glucose pro-
duction.!:25  Additionally, adiponectin exerts
anti-inflammatory effects by inhibiting the secre-
tion of pro-inflammatory cytokines like tumor
necrosis factor-alpha (TNF-a,) which have been
implicated in insulin resistance.3! It has been
demonstrated that adiponectin suppresses the
activation of NF-«xB, a critical regulator of pro-
inflammatory cytokines, and thus may mitigate
inflammation-driven impairment in glucose toler-
ance.*? Recent evidence has also shown that adi-
ponectin may play a role in modulating oxidative
stress, which contributes to insulin resistance.
Adiponectin has been shown to induce the expres-
sion of antioxidants like heme oxygenase-1, which
counteracts oxidative stress and may improve
insulin sensitivity.*® Another intriguing area of
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investigation involves adiponectin’s role in lipid
partitioning. Evidence suggests that adiponectin
promotes the clearance of triglycerides from the
bloodstream and helps in partitioning lipids
toward oxidation, reducing the lipotoxic effects
that can contribute to insulin resistance.%’
Furthermore, adiponectin has been shown to
have neuroprotective effects. While the primary
focus has been on neurodegenerative diseases,
there is speculation that the hormone could influ-
ence the central regulation of glucose metabo-
lism, thereby affecting the risk of prediabetes.50:51

In a state of low adiponectin levels, these protec-
tive mechanisms are compromised, contributing
to elevated blood glucose and lipid levels, and
thereby, the progression to prediabetes.3!:32
Furthermore, adiponectin influences lipid metab-
olism, which in turn affects insulin sensitivity;
reduced adiponectin levels can result in increased
free fatty acid release, contributing to insulin
resistance and hyperglycemia.?5:37

Further mechanistic insights have revealed that
adiponectin can improve mitochondrial function
and biogenesis, mediated in part by PPAR coacti-
vator 1-alpha, thereby improving overall cellular
metabolism and reducing oxidative stress.>253
Additionally, it has been found to modulate
autophagy in hepatic and pancreatic cells, which
could protect against cell death and dysfunction,
key contributors to prediabetes progression.>*
Adiponectin also interacts with other adipokines,
such as leptin, and this interaction could offer
synergistic effects in improving insulin sensitivity
and glucose regulation.?®> The crosstalk between
adiponectin and gut microbiota is a new and
intriguing field, suggesting that adiponectin levels
could be manipulated through dietary or probi-
otic interventions.>®38 Some studies have started
to explore the impact of adiponectin on gut
microbiota, which is known to play a role in meta-
bolic health. Higher adiponectin levels have been
linked to a healthier gut microbiome composi-
tion, possibly offering another mechanism by
which adiponectin could affect prediabetes.

Research has also illuminated the role of adi-
ponectin in improving the function of B-cells in
the pancreas, which are crucial for insulin secre-
tion.>®>%0 Given that p-cell dysfunction is a critical
factor in the progression from prediabetes to dia-
betes, the protective effects of adiponectin on
these cells further underscore its potential as a

therapeutic target.%1:02 More recent studies are
focusing on the genetic polymorphisms associ-
ated with adiponectin levels, adding another layer
to our understanding of its impact on
prediabetes. 03,64

Recent evidence has also pointed to the relation-
ship between adiponectin and the renin-angioten-
sin-aldosterone system (RAAS). Adiponectin
appears to antagonize RAAS, which is known to
exacerbate insulin resistance and contribute to
prediabetes.®5-%7 Another intriguing aspect is adi-
ponectin’s effect on skeletal muscle composition.
Studies have suggested that adiponectin can stim-
ulate the transformation of white skeletal muscle
fibers to more oxidative, metabolically efficient
red muscle fibers.>3-68

Adiponectin has also been implicated in the mod-
ulation of gut hormones like glucagon-like pep-
tide-1 (GLP-1), which plays a vital role in
postprandial insulin secretion and could offer
additional pathways for managing prediabe-
tes.®%70  Furthermore, adiponectin appears to
interact with nitric oxide signaling, improving
endothelial function and contributing to vascular
health, which is often compromised in predia-
betic and diabetic states.”!

Another emerging field of research is the involve-
ment of adiponectin in circadian rhythm regula-
tion.”? Adiponectin levels have been shown to
exhibit a circadian rhythm, which can be affected
by sleep deprivation and shift work, both known
risk factors for prediabetes.”>7¢ This presents the
possibility that targeting adiponectin could also
help address some of the lifestyle factors contrib-
uting to prediabetes.

Moreover, adiponectin has been found to interact
with other regulatory proteins like sirtuins. For
instance, the co-regulation between SIRT1 and
adiponectin could play an essential role in calorie
restriction-induced improvements in insulin sen-
sitivity.”>76 Adiponectin has also been shown to
inhibit angiogenesis, thereby affecting adipose tis-
sue remodeling.”” This mechanism could be rele-
vant in prediabetes, given that adipose tissue
dysfunction is a known contributor to metabolic
disorders.”®

Lastly, a new line of research is focusing on the
impact of epigenetic modifications on adiponec-
tin expression. Methylation patterns affecting
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Figure 1. Adiponectin’s role in mitigating the evolution from prediabetes to diabetes.

adiponectin gene expression have been associated
with prediabetes, suggesting that epigenetic mod-
ulation could be a therapeutic avenue.”%:80

As our understanding of adiponectin deepens, the
complexity of its interactions with multiple physi-
ological systems becomes more evident. This
reinforces the need for a multidisciplinary
approach to harness adiponectin’s therapeutic
potential for managing prediabetes. Given the
multifaceted nature of its action, adiponectin may
serve as a cornerstone for future therapies aimed
at not just alleviating symptoms but potentially
reversing the pathophysiological hallmarks of
prediabetes.

These newly explored mechanisms further attest
to the complexity of adiponectin’s role in meta-
bolic regulation and represent new frontiers for
therapeutic interventions. While more studies are
needed to fully understand these mechanisms and
their clinical relevance, the data strongly suggest
that adiponectin is a promising target for the
management of prediabetes. The continuously
emerging evidence underscores the multifunc-
tional role of adiponectin in various metabolic
processes and regulatory pathways. These path-
ways are not mutually exclusive but interact in a

complex fashion, contributing to the overall met-
abolic profile and prediabetes risk. Consequently,
adiponectin not only serves as a biomarker but
also as a promising target for multifaceted thera-
peutic strategies in prediabetes management.

Figure 1 provides a comprehensive overview of
the multi-faceted mechanisms underlying the
therapeutic potential of adiponectin in the modu-
lation and management of prediabetes.

Strategies to enhance adiponectin levels

The regulation of adiponectin, a hormone with
anti-inflammatory and insulin-sensitizing prop-
erties, has gained considerable attention for its
potential in managing prediabetes and mitigat-
ing the progression to type 2 diabetes. Given its
role in enhancing insulin sensitivity, regulating
lipid metabolism, and modulating inflammatory
responses, strategies to boost adiponectin levels
could offer therapeutic benefits. This section
will delve into various emerging strategies aimed
at enhancing adiponectin levels, focusing on
innovative approaches such as gene therapy,
pharmacological interventions, and combinatory
treatments. The aim is to provide a comprehen-
sive overview of the current state of research, the
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challenges, and the future prospects in this excit-
ing and rapidly evolving field.

Gene therapy

Gene therapy has emerged as a groundbreaking
strategy for treating a variety of disorders, and its
application in modulating adiponectin levels has
gained a growing interest in recent years. One of
the primary methods focuses on using viral vec-
tors, particularly adeno-associated viruses
(AAVs), to deliver adiponectin genes into tar-
geted cells or tissues. Rodent models subjected to
AAV-mediated adiponectin gene therapy have
depicted improved insulin sensitivity and glucose
tolerance, making them potent candidates for
prediabetes management.81-83

Concurrently, nanoparticle-assisted delivery plat-
forms for gene therapy have been probed to aug-
ment adiponectin concentrations. Nanoparticles
allow for targeted delivery and lower risks of
immunogenicity compared to viral vectors. Such
nanoparticle-based approaches have shown
promise in preclinical studies, increasing adi-
ponectin levels and consequently improving met-
abolic markers that are particularly relevant for
prediabetes.8%85 Novel methodologies are also
considering the concurrent delivery of adiponec-
tin with other therapeutic molecules like antioxi-
dants or anti-inflammatory agents.

Cutting-edge gene-editing tools, such as
CRISPR-Cas9, have been investigated to poten-
tially alter the adiponectin gene or its regulators,
aiming for enhanced expression. This technique
provides the advantage of precision and durabil-
ity but also comes with challenges related to off-
target effects and long-term safety.86-88 Despite
the promise, these techniques harbor challenges,
primarily related to off-target effects and safety
concerns. Ongoing research endeavors to harness
advancements in machine learning and computa-
tional biology to refine these gene-editing
strategies.8®

Another intriguing avenue for gene therapy
involves the use of small interfering RNA (siRNA)
or short hairpin RNA (shRNA) to silence genes
that inhibit adiponectin production. Such RNA
interference (RNAi) techniques have demon-
strated the capacity to enhance adiponectin levels
n virro.*9-92 Additionally, epigenetic interventions

that modify the adiponectin gene or its regulatory
regions are under exploration, potentially offering
an upregulation of adiponectin levels.?3-95

A holistic approach contemplates the synergistic
potential of combining gene therapy with estab-
lished pharmacological agents, such as PPAR-y
agonists, known to elevate adiponectin expres-
sion.%%%8 Such integrative approaches aim to
understand how gene therapy interacts with other
treatment modalities and metabolic pathways,
allowing for more personalized and -effective
interventions.?® Advanced gene therapy tech-
niques, however, confront obstacles ranging from
ethical quandaries to stringent regulatory frame-
works and the demand for robust safety and effi-
cacy datal

Pharmacological interventions

Advancements in drug discovery and research
have opened up a range of pharmacological inter-
ventions aimed at enhancing adiponectin levels, a
pivotal component in metabolic health. This sec-
tion offers an overview of these promising agents,
shedding light on their mechanisms of action and
clinical relevance.

Thiazolidinediones (TZDs), Recognized for their
role as peroxisome proliferator-activated recep-
tor-gamma (PPAR-y) agonists, TZDs, particu-
larly pioglitazone and rosiglitazone, dualistically
enhance adiponectin expression and foster its
secretion within adipose tissues.®” Clinical trials
consistently report elevated circulating adiponec-
tin levels post-TZDs treatment, often accompa-
nied by improved insulin sensitivity. 101,102

In tandem with TZDs, metformin, a mainstay
antidiabetic biguanide, has shown the capacity to
increase adiponectin levels irrespective of diabetic
status. Although the exact mechanism remains
under scrutiny, a plausible route suggests the
involvement of AMP-AMPK activation, promot-
ing adiponectin synthesis in adipocytes.47-103

Complementing these drug-based approaches are
dietary supplements, with omega-3 fatty acids.
Clinical trials have spotlighted the positive effects
of eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) on adiponectin synthesis and
release, enriching the therapeutic panorama of
these fatty acids.104-106
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Additionally, the lipid-modulating domain, repre-
sented by statins, offers another intriguing per-
spective. While primarily championed for
cholesterol modulation, certain statins, notably
atorvastatin and simvastatin, have been linked to
increased adiponectin concentrations. The under-
lying mechanisms remain a subject of exploration
but may hinge on their anti-inflammatory proper-
ties or direct adipocyte interactions.107:108

Rounding off this gamut of interventions is the
promise shown by green tea extracts.
Epigallocatechin gallate (EGCGQG), a potent poly-
phenol, has demonstrated adiponectin-enhancing
potential in preliminary studies. The mechanistic
roots of this effect likely reside in the antioxidative
and anti-inflammatory prowess of EGCG.10°

In addition, berberine, an alkaloid derived from
various plants used in traditional medicine, has
demonstrated potential in managing diabetes and
dyslipidemia. There is emerging evidence sug-
gesting that berberine can upregulate adiponectin
expression, thereby modulating glucose metabo-
lism and improving insulin sensitivity.!10

Furthermore, medications like liraglutide and
exenatide, under the GLP-1 receptor agonists
umbrella, have been associated with amplified
adiponectin concentrations, contributing to their
repertoire of metabolic benefits.111

In addition, salsalate, the non-acetylated salicylate
has been explored for its potential anti-diabetic
properties. Clinical trials have suggested that sal-
salate treatment could increase adiponectin con-
centrations in individuals with T2DM, possibly
linked to its anti-inflammatory effects.112113

Resveratrol, a polyphenol predominantly found
in red grapes, garners interest due to its cardio-
protective and anti-diabetic prospects. Research
postulates that resveratrol might enhance adi-
ponectin secretion, presenting a novel avenue for
metabolic regulation.!14

Fenofibrate, while primarily employed for dyslipi-
demia management, showcases potential in
amplifying adiponectin expression, hinting at a
broader metabolic significance implications.!1>

A noteworthy addition to this pharmacological
repertoire is AdipoRon, emerging as a unique
pharmacological contender, AdipoRon mimics

adiponectin’s actions. By activating the AdipoR1
and AdipoR2 receptors, this small molecule holds
promise in ameliorating insulin resistance and
stimulating fatty acid oxidation in muscles,
thereby replicating the benefits of adiponectin
sans direct modulation of its levels.!1¢

In summation, the pharmacological landscape is
rich with agents displaying potential in adiponec-
tin modulation. Spanning conventional medica-
tions to novel molecules, this array offers
therapeutic avenues that can be harnessed for
optimal metabolic health outcomes.

Dietary modifications

The interplay between diet and metabolic health is
unequivocal, with mounting evidence underscor-
ing the modulatory influence of specific dietary
components on adiponectin, a salient adipokine
implicated in glucose regulation and fatty acid oxi-
dation.*%117-121 Tmportantly, dietary interventions
can act as pivotal modulators of adiponectin levels,
presenting an opportunity for non-invasive inter-
vention in prediabetes management.

Whole grains and dietary fiber. High intake of
whole grains is positively correlated with elevated
adiponectin levels. Notably, individuals consum-
ing higher amounts of whole grains often exhibit
greater plasma adiponectin concentrations, irre-
spective of their body composition. The bioactive
compounds in whole grains, such as lignans and
phenolic acids, could be responsible for these
beneficial effects.118:122:123 Similarly, the benefits
of dietary fiber, especially soluble fibers like
B-glucans found in oats, barley, and fruits, have
been noted.!?4125 These fibers not only enhance
gut health but also modulate gut hormone release.
Moreover, their fermentation by gut microbiota
produces short-chain fatty acids, which may stim-
ulate adipose tissue receptors, fostering adiponec-
tin synthesis and release.!?>

Gut health and microbiota. The gut microbiota
plays a pivotal role in metabolic health. Specific
strains of probiotics, such as Lactobacillus and
Bifidobacterium, have been shown to potentially
elevate adiponectin levels. It is speculated that
probiotics might improve gut health and integrity,
reduce low-grade inflammation, and modulate
the release of gut peptides, indirectly influencing
adiponectin synthesis and secretion.121:126:127 Fer-
mented foods, rich in these probiotics, further
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underscore the importance of gut health. For
instance, regular yogurt consumption is linked to
higher adiponectin secretion, potentially due to
gut microbiome shifts favoring anti-inflammatory
pathways!21,128

Antioxidants and fat. Beyond gut health, the diet’s
broader components play roles too. Antioxidant-
rich foods like berries, dark chocolate, and spinach
are associated with increased adiponectin lev-
els.129:130 Their antioxidant properties might coun-
ter the inhibitory impacts of oxidative stressors on
adiponectin expression and affect intracellular sig-
naling pathways in adipocytes. Another critical
dietary aspect is fats. Specifically, monounsatu-
rated and polyunsaturated fats seem to elevate
adiponectin concentrations. This connection is
evident in diets like the Mediterranean diet, known
for its richness in these beneficial fats and its asso-
ciation with higher adiponectin levels.131-133

Bioactive compounds. Dietary compounds also
play an influential role. Omega-3 fatty acids, par-
ticularly EPA and DHA, have piqued interest due
to their potential anti-inflammatory properties
and their possible effects on adiponectin levels.
Polyphenols, prevalent in green tea and berries,
alongside other compounds such as resveratrol
and curcumin, have been linked to adiponectin
synthesis enhancement given their antioxidative
and anti-inflammatory effects.134-136 Other note-
worthy compounds include soy isoflavones, flavo-
noids, and bioactive peptides — all of which have
been researched for their potential modulatory
effects on adiponectin synthesis.137-141

Vitamins and minerals. Lastly, the role of specific
vitamins and minerals should not be overlooked.
Vitamin D, for instance, is being explored for its
relationship with adiponectin, with preliminary
research suggesting its supplementation might
benefit those with metabolic disturbances.!30
Vitamin D can influence intracellular calcium lev-
els. Changes in intracellular calcium are known to
influence several cellular processes, including
protein synthesis. Elevated calcium levels might
promote the synthesis and release of adiponectin
from adipocytes.142:143 Furthermore, the supple-
mentation of minerals like zinc and magnesium
has garnered attention due to their potential roles
in insulin signaling, inflammation modulation,
and enzyme activities crucial for glucose and fat
metabolism, 144148

Lifestyle changes

The complex interrelationship between lifestyle
habits and adiponectin levels has become increas-
ingly apparent. Beyond dietary considerations,
numerous daily practices influence adiponectin
synthesis, as underscored by emerging research.
This section delves into these lifestyle elements,
elucidates their mechanistic interplay with adi-
ponectin, and provides a comprehensive roadmap
for potential interventions.

Exercise and physical activity. Exercise, regard-
less of weight loss, positively influences adipo-
nectin concentrations. Mechanistically, exercise
stimulates the secretion of muscle-derived inter-
leukin-6, which in turn upregulates adiponectin
production. Regular physical activity also modu-
lates adipose tissue inflammation, potentially
creating an environment conducive for adipo-
nectin synthesis.14%:150 Notably, aerobic exercises
have been linked with augmented adiponectin
release compared to resistance training, suggest-
ing a differential response based on exercise
modality.45’151’152

Weight management. The inverse association
between visceral adiposity and adiponectin is
well-documented.?® Weight loss, particularly
when visceral fat is reduced, can amplify adipo-
nectin synthesis.153:154 This effect is further accen-
tuated by the reduction in pro-inflammatory
cytokines like TNF-a, which inhibit adiponectin
production.154

Sleep and its metabolic ramifications. Chronic
sleep deprivation impacts various metabolic hor-
mones, including adiponectin.155156 Studies
have connected short sleep durations with meta-
bolic syndrome,!5” while conversely, longer,
quality sleep has been linked with elevated adi-
ponectin, independent of body fat changes.!38
Disrupted sleep might heighten nocturnal nor-
adrenaline, which could suppress adiponectin.
Optimizing sleep could mitigate this suppressive
effect. 159,160

Mental well-being and stress. Chronic psycho-
logical stress, often reflected in elevated cortisol
levels, appears to inhibit adiponectin synthe-
sis.116:161,162 Practices such as yoga, meditation,
and relaxation exercises could counteract this by
lowering cortisol levels, thus potentially reversing
this inhibition. 163164
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Smoking and its implications. Chronic nicotine
exposure has been shown to suppress adiponectin
production in adipocytes.!95:1%6 On the other
hand, smoking cessation appears to restore and
even enhance adiponectin release.167-169

Alcohol: A double-edged sword. The role of alco-
hol in adiponectin modulation is debated. Some
research suggests moderate wine consumption
might elevate adiponectin levels,!7%:171 possibly
due to ethanol and wine polyphenols, though the
exact mechanism remains elusive.!7%173, How-
ever, excessive alcohol consumption can counter-
act this potential benefit and further perturb
metabolic homeostasis.!74

Hydration and metabolic function. Sufficient water
intake is fundamental for optimal metabolic func-
tioning. There is emerging evidence suggesting
that chronic mild dehydration can impact adipo-
cyte functioning, possibly hampering adiponectin
secretion. Adequate hydration may support the
optimal physiological environment for adiponec-
tin synthesis and release.!”>

Harnessing thermogenesis. Activities like saunas
and cold exposure are being examined for their
metabolic implications. Cold exposure, for
instance, activates brown adipose tissue, correlat-
ing with increased adiponectin levels.176:177 The
precise mechanism may involve the activation of
thermogenic genes and the subsequent effect on
white adipose tissue, promoting a ‘browning’ effect,
thereby enhancing adiponectin secretion.!78

Caffeine: A balancing act. There is a complex rela-
tionship between caffeine and adiponectin. While
short-term consumption may reduce adiponectin
levels, long-term intake, particularly from sources
like green tea, might be beneficial.17%-180The positive
effects might be attributed to green tea catechins
that potentially elevate adiponectin synthesis.!8!

Environmental considerations. Chronic exposure
to environmental toxins, like endocrine disrup-
tors found in plastics, can reduce adiponectin
release. Avoiding these toxins and adopting a life-
style that emphasizes natural, organic living can
potentially enhance adiponectin synthesis.182-184

To encapsulate, the myriad interconnections
between lifestyle factors and adiponectin synthesis
transcend just dietary influences. A comprehensive,
holistic approach — one that integrates physical

activity, mental well-being practices, and environ-
mentally conscious choices — forms the foundation
of strategies aimed at bolstering adiponectin levels.
Such integrative interventions, grounded in robust
mechanistic insights, are poised to redefine meta-
bolic health paradigms. Figure 2 provides a com-
prehensive overview of the multi-faceted strategies
employed to augment adiponectin levels, encom-
passing gene therapy techniques, pharmacological
interventions, and lifestyle modifications.

Challenges in translating adiponectin
therapeutics from bench to bedside

While both in vitro and in vivo studies have under-
scored the potential of adiponectin therapeutics,
their seamless transition from the bench to bed-
side remains encumbered by multifaceted chal-
lenges. These challenges are delineated as
follows:

Drug delivery challenges

e DProtein stability: The inherent stability
challenges posed by adiponectin’s multim-
eric forms, notably its HMW multimers —
believed to be the most biologically active
— necessitate stringent post-production and
storage conditions to preserve therapeutic
efficacy.®

e Short half-life: The transient half-life of
native adiponectin in circulation implies the
potential need for frequent dosing, compro-
mising patient convenience and possibly
compliance.!85 To ameliorate this, strategies
such as liposomal encapsulation and poly-
mer conjugation are under investigation.

e Delivery route: Given the questionable bio-
availability of orally administered adiponec-
tin — attributable to its vulnerability to
digestive enzymes — alternatives like intra-
venous delivery are considered. However,
the invasiveness and impracticality of such
routes for chronic conditions pose
constraints. 186

Safety and efficacy concerns
o Off-target effects: Adiponectin’s diverse
physiological roles might precipitate unfore-
seen adverse effects. Its anti-inflammatory
properties, although beneficial, when exag-
gerated, could inadvertently quell crucial
inflammatory defense mechanisms.187
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Pharmacological
Interventions

- Thiazolidinediones
Metformin

- EPA and DHA

- Statins

« GLP-1receptor agonists

- Salsalate

< Natural Compounds such as
Resveratrol and EGCG
Fenofibrate

Adiponectin Agonists

- PPAR-y Agonists

.

.

Lifestyle Changes

- Exercise, regardless of weight loss

- Weight Management

- Sleep Regulation

- Psychological stress Reduction

» Smoking Cessation

- Adequate hydration

- Thermogenic Activities such as sauna
and cold exposure

- Dietary modifications

t

ADIPONECTIN

GENE THERAPY

« Gene editing technologies like
CRISPR-Cas9

- Viral Vectors

- RNA interference (RNAi) techniques

- epigenetic modifiers like histone
deacetylase inhibitors

- MicroRNAs and Gene Silencing

- Optogenetic Approaches

- Tissue-specific promoters and
delivery systems

Dietary Modifications

« Whole Grains

- Dietary Fiber

- Probiotics

- Fermented Foods

= Antioxidant-rich Foods such as nuts

- sMonounsaturated and
Polyunsaturated Fats

- Omega-3 Fatty Acids

- Polyphenols and Soy Isoflavones

@ « Flavonoids
= Vitamin D, Zinc and Magnesium

o Bioactive Peptides

Figure 2. Strategies and approaches for adiponectin modulation: from gene therapy to lifestyle interventions.
DHA, docosahexaenoic acid; EGCG, Epigallocatechin gallate; EPA, Eicosapentaenoic acid; GLP-1, Glucagon-like peptide-1;
PPAR-y, Peroxisome proliferator-activated receptor gamma.

Dose determination: Identifying the opti-
mal therapeutic dose is challenging. Too
little might be ineffective, while excessive
amounts could instigate adverse effects,
given adiponectin’s role in pathways beyond
metabolism.!88

Long-term impact: The long-term effects
of adiponectin supplementation or modula-
tion remain unclear, especially concerning
its roles in inflammation and vascular
health.18°

Variability in individual responses

Genetic polymorphisms: Variants in the
ADIPOQ gene, which encodes adiponec-
tin, could influence individual responses to
therapeutics, making a one-size-fits-all
approach impractical.19%191 Tailoring ther-
apy based on genetic makeup might be a
future direction.

Personalized medicine paradigm: Given the
inter-individual variability in adiponectin

levels and its effects, personalized medicine
approaches may be required, tailoring treat-
ments based on individual adiponectin pro-
files and genetics.12:192

Drug interactions: The polypharmacy often
associated with metabolic syndromes raises
concerns about potential drug-drug inter-
actions, underscoring the significance of
exhaustive pharmacodynamic and pharma-
cokinetic evaluations.!??

Comorbid health conditions: Diseases like
renal impairment or liver diseases can alter
adiponectin’s metabolism and action. This
further complicates therapeutic strategies
and underscores the need for individualized
treatments. %4

In summation, while adiponectin’s therapeutic
potential is undeniable, the translation of this
promise into clinical treatments requires over-
coming substantial challenges. Multidisciplinary
collaboration between basic researchers, clini-
cians, and pharmacologists is essential to navigate
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these complexities and bring adiponectin thera-
pies to the patient’s bedside.

Future directions and conclusion

While pre-clinical research has robustly eluci-
dated the metabolic, anti-inflammatory, and car-
dioprotective properties of adiponectin, the
clinical translation of these findings has been met
with considerable challenges, primarily due to the
heterogeneous presentation of metabolic syn-
dromes in the human populace. This highlights
the urgent requirement for expansive multicentric
trials to rigorously assess adiponectin’s therapeu-
tic landscape in diverse patient cohorts.
Complicating this scenario, inherent limitations
tied to the stability and delivery of native adi-
ponectin have accentuated the scientific push
toward the development of advanced adiponectin
analogs. Of particular interest are adiponectin
agonists, which, by mimicking or amplifying the
biological effects of adiponectin, present a prom-
ising frontier for enhancing therapeutic outcomes,
potentially addressing issues of stability and vari-
ability inherent to the native protein. Such inno-
vations, combined with emergent trends in
personalized medicine leveraging advanced
genomics and metabolomics, forecast an evolving
paradigm of therapy: one that is precision-driven,
catering to the intricate nuances of individual
metabolic and genetic profiles.
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