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Abstract

Metabolic inflammation, a state of chronic low-grade inflammation linked to insulin resis-
tance, plays a central role in the development of obesity-related conditions such as type
2 diabetes, non-alcoholic fatty liver disease (NAFLD), and cardiovascular disorders. In
recent years, two molecules have gained significant prominence in this field, owing to
their mechanistic involvement in metabolic inflammation and insulin resistance: fetuin-A
(FetA), aliver-derived hepatokine, and chymase, a serine protease released from mast
cells. Although they arise from distinct biological sources, they converge on overlapping
inflammatory and metabolic pathways. FetA acts as an endogenous ligand for Toll-like
receptor 4 (TLR4), activating nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) signaling, driving proinflammatory cytokine release, and impairing insulin
signaling. Chymase, on the other hand, generates angiotensin II and activates transform-
ing growth factor-β (TGF-β), thereby promoting oxidative stress, fibrosis, and secondary
metabolic dysfunction. This review proposes a conceptual dual-target framework in which
FetA and chymase are considered complementary, rather than independent, mediators
of metabolic inflammation. Importantly, this framework is not intended to supersede
other established pathways implicated in metabolic inflammation, but rather to provide
an integrative perspective that complements existing hepatokine and immune-centered
models. Their convergence on NF-κB and TGF-β signaling pathways highlights shared
mechanistic nodes within metabolic inflammation. Accordingly, the emphasis of this review
is on mechanistic integration within metabolic inflammation, rather than on immediate
therapeutic innovation or clinical translation.
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1. Introduction
The increase in adipose tissue associated with obesity has been linked to insulin

resistance (IR) and low-grade chronic inflammation (metaflammation), which contribute to
the development of numerous metabolic diseases such as type 2 diabetes mellitus (T2DM)
and cardiovascular diseases [1]. In addition to IR and metaflammation, disturbances in
the oxidant–antioxidant balance, along with various alterations in intracellular signaling
pathways, play significant roles in the development of metabolic diseases [2,3]. Recently
several hepatoproteins have been shown to play active roles in these pathophysiological
processes [4,5]. Accordingly, this review provides a focused mechanistic synthesis of fetuin-
A (FetA) and chymase within the broader context of lipid and glucose metabolism in
diabetes, with particular emphasis on their roles in metabolic inflammation.
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Fetuin-A is a hepatoprotein synthesized primarily in the liver but also in diverse
tissues. Since it has also been shown to be secreted from adipose tissue, it is referred to as a
hepatoadipokine [6]. By stimulating Toll-like receptor 4 (TLR4) activation and inhibiting
insulin receptor tyrosine kinase activity, it exerts a regulatory effect on both inflammatory
and metabolic processes. This dual effect plays an important role particularly in the
development of metabolic inflammation and insulin resistance [7,8]. This framework is not
intended to imply a direct molecular interaction between FetA and chymase, but rather
to highlight their functional convergence at shared inflammatory and fibrotic signaling
pathways across distinct metabolic compartments.

Chymase (EC 3.4.21.39) is a serine protease released from mast cells [9,10]. It has been
reported to catalyze the synthesis of molecules such as angiotensin II and transforming
growth factor-beta (TGF-β), which are implicated in inflammation, oxidative stress, tissue
fibrosis, and insulin resistance [10,11].

Although FetA and chymase are synthesized in different tissues and differ in their
biochemical properties, both can elicit similar pathophysiological processes via inflamma-
tory and metabolic pathways. The aim of this review is to evaluate the shared and distinct
roles of FetA and chymase in inflammation and insulin resistance, their clinical associations
with metabolic diseases, and their potential therapeutic implications. Accordingly, this
article is presented as a focused mechanistic review that aims to propose a conceptual
framework for understanding metabolic inflammation, rather than to advance near-term
therapeutic innovation.

2. The Role of Chymase in Inflammation and Insulin Resistance
Chymase is a chymotrypsin-like serine protease synthesized in the secretory granules

of mast cells [10]. The zymogen form, prochymase, is activated within mast cell granules
by the enzyme dipeptidyl peptidase I (DPPI). Because the intragranular pH of mast cells is
low (~5.5), the enzyme remains inactive; however, once the granule contents are released
into the interstitial fluid and the pH rises to physiological levels (~7.4), it becomes rapidly
activated [9,12]. The optimal pH range for chymase activity is 7 to 9 [13].

Clinical studies investigating chymase activity have predominantly focused on car-
diovascular and fibrotic diseases; however, only a limited number have evaluated its
association with metabolic disorders. Chymase plays a particularly important role within
the local renin–angiotensin system. Urata et al. [14] demonstrated that approximately
80% of angiotensin II synthesis in human cardiac tissue is catalyzed by chymase rather
than angiotensin-converting enzyme (ACE). This finding suggests that chymase functions
not merely as a local enzyme but may also play a significant role in systemic metabolic
regulation [14]. Chymase generates angiotensin II from angiotensin I through an ACE-
independent mechanism. In this process, it also activates key mediators such as matrix
metalloproteinase-9 (MMP-9) and TGF-β, which are implicated in inflammation and fi-
brosis [10]. Angiotensin II can enhance oxidative stress by stimulating NADPH oxidase;
TGF-β can accelerate fibrosis by promoting fibroblast proliferation and collagen synthesis;
and MMP-9 can induce tissue damage by degrading the extracellular matrix. Chymase has
been reported to become activated after entering the extracellular matrix, where it exerts its
effects within specific tissue microenvironments [15]. In addition, chymase has been shown
to activate several proinflammatory molecules, including interleukin (IL)-1β, IL-6, IL-8,
IL-18, endothelins, and neutrophil-activating peptide-2 (NAP-2). Through these actions, it
facilitates endothelial dysfunction and immune cell migration, while also accelerating the
inflammatory process via mast cell degranulation and kallikrein activation [16]. Through
angiotensin II generation and TGF-β activation, chymase may indirectly sensitize tissues to
parallel inflammatory pathways, facilitating convergence with TLR4– nuclear factor kappa-
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light-chain-enhancer of activated B cells (NF-κB)-mediated responses without requiring
direct molecular interaction.

Previous animal studies have demonstrated that inhibition of chymase activity with
specific inhibitors significantly attenuates hepatic inflammation, oxidative stress, and fi-
brosis, particularly in inflammatory liver diseases such as non-alcoholic steatohepatitis
(NASH) [17–19]. This effect has been specifically associated with reductions in MMP-9
and TGF-β activities [10]. Imai et al. (2014) demonstrated in an acute liver failure model
induced by lipopolysaccharide (LPS)/D-galactosamine that hepatic MMP-9 and tumor
necrosis factor-alpha (TNF-α) levels, together with chymase activity, were elevated. Follow-
ing administration of the specific chymase inhibitor TY-51469, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), MMP-9, and TNF-α levels were significantly de-
creased [20]. These findings suggest that chymase inhibition may represent a potential
therapeutic strategy for suppressing hepatic inflammation [11]. Chymase enzymatic ac-
tivity has also been suggested to be associated with complications of metabolic syndrome
(MetS), including hypertension, atherosclerosis, and insulin resistance [21–24]. In a model
developed by feeding SHRSP5/Dmcr rats a high-fat and high-cholesterol diet, hepatic
chymase expression and activity were assessed, and treatment with a chymase inhibitor
significantly reduced TGF-β and MMP-9 expression, as well as the degree of inflammation
and fibrosis [19]. In a recent study, serum chymase levels in obese individuals were found
to be positively correlated with high-sensitivity C-reactive protein (hs-CRP). Although
no significant association was observed with TGF-β1 or MMP-9, a positive relationship
between chymase levels and angiotensin II was identified. Individuals with elevated
chymase concentrations exhibited higher systolic blood pressure and hs-CRP levels. Mul-
tivariate regression analysis demonstrated that CRP was independently associated with
chymase, suggesting that this protease may serve as a biochemical marker of low-grade
inflammation in obesity [25]. Hepatic mast cell-derived chymase may influence hepatocyte
injury and hepatic stellate cell activation through paracrine signaling, thereby linking local
inflammatory responses to fibrotic remodeling under metabolic stress [11]. Nevertheless,
it should be noted that not all experimental studies have reported consistent metabolic
effects of chymase modulation, and the magnitude of its impact appears to vary accord-
ing to disease stage, tissue context, and experimental model, underscoring the need for
cautious interpretation.

Chymase is also important in the development of diabetic complications. Chymase-
associated increases in angiotensin II have been reported to contribute to podocyte injury.
In mouse podocyte cultures, high glucose levels stimulated angiotensin II synthesis, which
was suppressed by chymase inhibitors but unaffected by ACE inhibition [26,27]. In a
type 1 diabetes model, the chymase inhibitor Suc-Val-Pro-Phe-P(OPh)2 prevented urinary
albumin excretion and the accumulation of extracellular matrix proteins in the kidney [28].
In a hamster type 1 diabetes model, chymase inhibitors such as TEI-F00806 and TEI-E00548
suppressed myocardial fibrosis by reducing cardiac angiotensin II levels and oxidative
stress [29]. In type 2 diabetes models, administration of chymase inhibitors also reduced
albuminuria and renal angiotensin II levels [30]. In a streptozotocin-induced hamster
diabetic model, increased chymase activity in pancreatic islets was shown to cause hyper-
glycemia, which was suppressed by chymase inhibitors [24]. Moreover, in human chymase
transgenic mice, streptozotocin administration significantly increased blood glucose levels,
underscoring the role of this enzyme in diabetes development [31]. In studies involving
obese and type 2 diabetic patients, increased mast cell infiltration in visceral adipose tissue
has been reported to induce chymase protein expression [32,33]. Furthermore, Glajcar et al.
(2017) demonstrated that the number of chymase-positive mast cells in the visceral adipose
tissue of breast cancer patients was significantly correlated with both metabolic parameters
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and disease prognosis [34]. Nevertheless, much of evidence linking chymase to insulin
resistance and metabolic dysfunction is derived from experimental and animal studies,
whereas human data remain limited and largely indirect. Importantly, angiotensin II syn-
thesis involves both ACE-dependent and ACE-independent pathways, and the relative
contribution of chymase-mediated angiotensin II production appears to vary according to
tissue context and disease state rather than acting as a sole determinant of insulin resistance.

Collectively, these findings demonstrate that chymase promotes oxidative stress, in-
flammation, and fibrosis through angiotensin II, and contributes to tissue injury and
metabolic dysfunction via interactions with mediators such as MMP-9 and TGF-β. Accord-
ingly, chymase may be considered an important contributor to the progression of metabolic
diseases, although this interpretation requires caution given the predominantly preclinical
nature of the supporting evidence. Rather than functioning as a systemic metabolic regu-
lator, available data support a role for chymase primarily as a local effector acting within
tissue microenvironments, with secondary metabolic consequences.

Randomized controlled clinical trials evaluating chymase inhibition in metabolic
disease remain limited. This translational gap may reflect the largely local and paracrine
activity of chymase, species-specific differences in mast cell biology, and the absence of
metabolic endpoints in existing human studies. While animal models have demonstrated
efficacy in NASH, fibrosis, and diabetes, phase II–III clinical studies are required to establish
the relevance of these findings in humans.

3. The Relationship of Fetuin-A with Inflammation and
Insulin Resistance

FetA, also known as α2-Heremans–Schmid glycoprotein (AHSG), is a hepatokine of
52–60 kDa primarily synthesized by hepatocytes and secreted into circulation [35]. Once
known primarily for inhibiting vascular calcification, it is now increasingly studied for
its association with obesity, insulin resistance, type 2 diabetes, metabolic syndrome, and
non-alcoholic fatty liver disease (NAFLD) [36–44]. It has subsequently been shown to also
be secreted from adipocytes [45].

FetA interacts with the insulin receptor, inhibiting tyrosine kinase autophosphoryla-
tion and thereby suppressing insulin signaling [46]. Through this mechanism, it reduces
peripheral insulin sensitivity and contributes to systemic insulin resistance. At the cellu-
lar level, FetA also plays roles beyond metabolism, including immune responses, bone
mineralization, acute phase responses, neutrophil degranulation, and thyroid hormone
regulation [47]. Due to these diverse functions, it has emerged as an important biomarker
of both metabolic dysfunction and metaflammation. FetA forms complexes with FFA,
functioning as an endogenous ligand for TLR4, thereby initiating NF-κB activation and
enhancing the release of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β [48]. In
addition, FetA directly binds to specific regions of TLR4 to further stimulate inflammatory
responses and suppresses adiponectin expression, thereby weakening anti-inflammatory
mechanisms (Figure 1) [49]. At the tissue level, this proinflammatory signaling may be fur-
ther upregulated by local factors that enhance oxidative stress and cytokine release, thereby
establishing a permissive environment for sustained inflammatory activation. Importantly,
the effects of fetuin-A on phosphatidylinositol 3-kinase (PI3K) and NF-κB–related signaling
pathways are highly context-dependent, with conflicting findings across tissues and disease
states, underscoring the need for cautious interpretation that accounts for metabolic and
inflammatory status and tissue-specific signaling pathways.
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Figure 1. Fetuin-A–TLR4–NF-κB signaling pathway leading to inflammation. Free fatty acids (FFA)
form a complex with Fetuin-A, which binds to TLR4 on macrophage/monocyte membranes and
triggers downstream signaling. This activation recruits the adaptor protein MyD88, leading to
NF-κB activation and subsequent cytokine gene expression. The result is increased production of
proinflammatory cytokines (TNF-α, IL-6, IL-1β), promotion of macrophage M1 polarization, and
the development of chronic inflammation. FFA (free fatty acids); TLR4 (Toll-like receptor 4); MyD88
(myeloid differentiation primary response protein 88); NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells); TNF-α (tumor necrosis factor-alpha); IL (interleukin). This figure
illustrates tissue-specific molecular mechanisms through which fetuin-A contributes to metabolic
inflammation. The signaling interactions illustrated are based on current experimental evidence and
are presented as proposed mechanisms rather than definitive causal relationships.

In animal models, FetA expression increased by high-fat diet has been shown to be
associated with endoplasmic reticulum stress and to play a role in the early stages of
hepatic insulin resistance [50]. Seyithanoğlu et al. informed that curcumin and capsaicin
administration reduced hepatic FetA expression and lipid accumulation [51]. These find-
ings suggest that natural bioactive compounds may exert protective effects in metabolic
dysfunction processes by modulating FetA levels.

In healthy people, serum FetA concentrations are reported to range between
300–600 µg/mL and are not affected by sex, nutritional status, or liver function [8]. Variabil-
ity in FetA levels has established it as a diagnostic and prognostic biomarker in numerous
clinical conditions, including metabolic syndrome, NAFLD, type 2 diabetes mellitus, gesta-
tional diabetes, polycystic ovary syndrome, and chronic kidney disease [52,53]. However,
the establishment of standardized reference ranges is still required for clinical application.
Elevated serum FetA levels are positively correlated with type 2 diabetes, visceral obesity,
insulin resistance, and NAFLD [54–56]. Although reference ranges for circulating fetuin-A
have been proposed in population-based studies, these values are subject to considerable
variability depending on metabolic status, inflammatory status, and underlying disease
context. Large cohort studies and meta-analyses have demonstrated that high FetA levels
represent an independent risk factor for type 2 diabetes [8,57]. The EPIC-Potsdam study
and other prospective analyses have reported that an increase in FetA raises diabetes
risk by approximately 23–24% [58,59]. FetA has also been associated with cardiovascular
diseases (myocardial infarction, stroke). Mendelian randomization analyses have shown
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that genetically determined elevated FetA levels, through variants in the AHSG gene,
increase the risk of type 2 diabetes and coronary artery disease [60]. These effects, however,
appear to be modulated by factors including sex, glycemic status, and inflammatory state.
Some studies have found that low FetA levels are associated with cardiovascular mortality,
suggesting that this molecule may possess dual biological effects [61]. Collectively, these
findings indicate that FetA should be interpreted as a context-sensitive molecule rather
than a unidirectional pathogenic factor, with its cardiovascular impact varying according
to metabolic and inflammatory status. In individuals with NAFLD, FetA levels are associ-
ated with the degree of steatosis and liver enzyme levels [62]. In a previous study, FetA
levels in obese individuals were reported to correlate positively with body weight and
to decrease following weight loss [49]. This finding further strengthens the association
between adipose tissue and inflammation. Tanrikulu-Küçük et al. demonstrated that high
FetA and arginase-1 levels in obese subjects correlated with hs-CRP, a marker of inflamma-
tion [63]. In adipose tissue, FetA has been shown to promote macrophage infiltration and
induce the transition from the M2 to the proinflammatory M1 phenotype, thereby driving
metaflammation [64]. FetA related TLR4 activation within adipose tissue may further
amplify cytokine secretion and local inflammatory signaling, reinforcing insulin resistance
at the tissue level. At the vascular level, both FetA-associated inflammatory signaling and
chymase-related angiotensin II generation may contribute to endothelial dysfunction and
vascular remodeling, providing a molecular link between metabolic inflammation and
cardiovascular complications.

In conclusion, FetA is a multifunctional protein that occupies a central role in metabolic
inflammation through its inhibitory effect on the insulin receptor and its ability to acti-
vate inflammatory pathways. While both preclinical and clinical studies highlight the
potential of this hepatokine for diagnosing and treating metabolic diseases, significant
challenges remain, particularly inter-population variability and the lack of standardized
cut-off values. Accordingly, the biological and clinical effects of FetA should be observed
carefully, as its effects are highly heterogeneous and strongly influenced by metabolic and
inflammatory status.

4. Shared Mechanisms of Chymase and Fetuin-A in Inflammation and
Insulin Resistance

Although chymase and FetA are synthesized from different tissues, they exert similar
effects in the pathogenesis of inflammation and insulin resistance via key inflammatory
pathways such as NF-κB, TGF-β, and TLR4 [11,48]. These two molecules operate through
complementary mechanisms to sustain metabolic inflammation. FetA functions as an en-
dogenous ligand of TLR4 together with FFA. FFA–FetA complexes activate TLR4, thereby
increasing the secretion of TNF-α, IL-6, and IL-1β through NF-κB [48]. FFAs also induce
FetA expression in the liver, while elevated circulating FetA promotes inflammation in
adipose tissue. Chymase is rapidly activated after being released from mast cells at physio-
logical pH [11]. Independently of ACE, it converts angiotensin I into angiotensin II; this
process enhances NADPH oxidase activity and thereby oxidative stress [14,16]. Conse-
quently, it contributes to the persistence of chronic inflammation via NF-κB activation [65].
In addition, chymase converts proTGF-β into active TGF-β, accelerating fibrogenesis in
various tissues, particularly the liver and heart. In NASH animal models, inhibitors such as
TY-51469 have been reported to reduce hepatic fibrosis [18]. FetA does not directly activate
TGF-β; however, by promoting inflammation through TLR4, it can indirectly stimulate
TGF-β expression [11,48]. It also drives macrophage polarization toward the M1 pheno-
type, thereby contributing to the establishment of a proinflammatory microenvironment.
Chymase, in contrast, promotes macrophage infiltration through mast cell-derived cytokine
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and chemokine production. Together, both molecules enhance inflammatory cell activation
and tissue infiltration, thereby reinforcing chronic metaflammation. Besides macrophages,
interactions between mast cells and macrophages may further modulate tissue-specific
inflammation, as mast cell-derived effectors can influence macrophage activation states
and cytokine levels within metabolically active tissues.

FetA directly inhibits the tyrosine kinase activity of the β-subunit of the insulin
receptor, thereby reducing phosphorylation of insulin receptor substrates and impairing
glucose uptake [48]. Chymase does not act directly on the insulin receptor; however,
angiotensin II, oxidative stress, and elevated proinflammatory cytokines suppress insulin
signaling indirectly [11]. The mechanisms of chymase and FetA in inflammation and
insulin resistance are summarized in Figure 2. At the vascular level, both FetA associated
inflammatory signaling and chymase related angiotensin II secretion may contribute to
endothelial dysfunction and vascular remodeling, providing a molecular link between
metabolic inflammation and cardiovascular complications.

Figure 2. Shared and distinct mechanisms of Fetuin-A and chymase in inflammation and insulin
resistance. On the left, Fetuin-A forms a complex with free fatty acids and activates Toll-like receptor
4 (TLR4) signaling in macrophages, leading to MyD88-dependent NF-κB activation. This results
in the release of proinflammatory cytokines (TNF-α, IL-6, IL-1β), M1 macrophage polarization,
and metaflammation, thereby contributing to chronic inflammation and insulin resistance. On
the right, chymase is released from mast cells and converts angiotensin I (Ang I) to angiotensin
II (Ang II) independently of angiotensin-converting enzyme (ACE). Ang II stimulates NADPH
oxidase–derived reactive oxygen species (ROS) generation and activates nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), while also converting proTGF-β into active TGF-β,
promoting fibrosis. Although these pathways act through distinct primary mechanisms and, in
some contexts, within different metabolic compartments, they are proposed to converge on shared
downstream inflammatory signaling regulators, particularly NF-κB. The interactions depicted should
be interpreted as hypothesis-generating rather than definitively established. This figure presents a
systems-level conceptual model integrating FetA and chymase-associated pathways across metabolic
tissues. For clarity, the figure emphasizes major signaling pathways and tissue level interactions,
while minor or secondary interactions are not shown. FetA, Fetuin-A; FFA, free fatty acids; TLR4, Toll-
like receptor 4; MyD88, myeloid differentiation primary response protein 88; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; TNF-α, tumor necrosis factor-alpha; IL, interleukin;
Ang, angiotensin; ACE, angiotensin-converting enzyme; ROS, reactive oxygen species; TGF-β,
transforming growth factor-beta.
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Although clinical data on chymase remain limited, evidence from animal models
suggests that this protease contributes to metabolic dysfunction through mast cell-derived
inflammatory responses, angiotensin II-mediated oxidative stress, and tissue fibrosis. Öner-
İyidoğan et al. demonstrated that in Sprague–Dawley rats fed a high-fat diet, hepatic
chymase activity and serum FetA levels were significantly increased. Oral administration
of curcumin reversed these alterations, markedly reducing both parameters. Further-
more, notable decreases in hepatic steatosis and inflammation were observed. These
findings suggest that curcumin, via its antioxidant and anti-inflammatory effects, may
modulate the complementary roles of chymase-mediated TGF-β activation and fibrosis
and FetA–TLR4/NF-κB-mediated cytokine release, thereby attenuating the pathogenesis
of NAFLD/NASH [66]. Chymase inhibition has been shown experimentally to reduce
inflammation and fibrosis, pointing to its potential as a therapeutic target; however, large-
scale human trials are needed for clinical translation. By contrast, FetA is already validated
as a metabolic risk biomarker through cohort studies and Mendelian randomization. Its
serum levels are correlated with insulin resistance, type 2 diabetes, NAFLD, and cardio-
vascular diseases, underscoring its diagnostic and prognostic significance. Nevertheless,
the cardiovascular effects of FetA appear to vary according to factors such as diabetes
status, sex, and inflammatory status, highlighting the need for personalized approaches in
clinical application. Both molecules modulate inflammation and insulin resistance through
distinct mechanisms, yet function in complementary ways within the pathophysiology
of metabolic diseases. Consequently, the combined evaluation of chymase and FetA may
enhance our understanding of the molecular basis of metabolic inflammation and guide
the development of novel therapeutic strategies. Table 1 presents a comparative overview
of FetA and chymase, highlighting their distinct cellular origins, key signaling pathways,
disease associations, biomarker relevance, and current therapeutic targeting to facilitate
integrated interpretation.

Table 1. Comparative characteristics of fetuin-A and chymase in metabolic inflammation.

Characteristic Fetuin-A Chymase

Primary cellular origin Hepatocytes (also adipose tissue) Mast cells

Mode of action Endocrine/systemic Local/paracrine

Key signaling pathways TLR4–NF-κB, inhibition of insulin
receptor signaling

Angiotensin II generation,
TGF-β activation

Major disease associations Insulin resistance, T2DM, NAFLD,
metabolic syndrome

Fibrosis, vascular remodeling,
metabolic inflammation

Biomarker potential Supported by human studies Limited human data

Therapeutic targeting Context-dependent biomarker Experimental chymase inhibitors

At the systems level, fetuin-A and chymase associated pathways predominantly act in
parallel and, in several conditions, within distinct metabolic compartments, converging
on shared downstream inflammatory and fibrotic signaling key regulators rather than
operating as a single sequential pathway.

5. Translational Implications of Chymase and Fetuin-A in
Metabolic Inflammation

For clarity, the translational implications discussed below are structured to address
biomarker relevance, therapeutic considerations, and exploratory computational approaches,
including artificial intelligence-based tools, as distinct but complementary components.
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Fetuin-A: FetA is a promising biomarker for the early diagnosis of metabolic and
cardiovascular diseases. Evidence from large-scale cohort studies, including EPIC-Potsdam
and Rancho Bernardo, suggests that elevated serum FetA levels are an independent risk
factor for type 2 diabetes as well as cardiovascular events such as myocardial infarction and
ischemic stroke [8,61]. Moreover, Mendelian randomization-based genetic analyses support
these observations, indicating that genetically elevated FetA levels increase the risk of type 2
diabetes by approximately 20–21% and raise the incidence of coronary artery disease (CAD)
among individuals with diabetes [60]. Conversely, some prospective observational studies
have reported that in non-diabetic individuals, higher FetA levels may be associated with
lower cardiovascular risk, suggesting that its prognostic value may depend on individual
factors [60].

Chymase: In animal models, chymase inhibitors (e.g., TY-51469, Fulacimstat) have
been shown to attenuate disease progression in the pathogenesis of NAFLD/NASH by
suppressing inflammation and fibrosis. For instance, in SHRSP5/Dmcr rats fed a high-fat
cholesterol (HFC) diet, administration of TY-51469 significantly reduced hepatic levels of
angiotensin II, MMP-9, and TGF-β, leading to marked suppression of inflammation and
fibrosis [19,67]. In human clinical studies, favorable outcomes have been reported in phase I
trials with the next generation chymase inhibitor BAY 1142524 (Fulacimstat), which appear
promising for clinical applications [68]. Moreover, given the critical role of chymase in
vascular inflammation and fibrosis, the potential utility of these inhibitors in the treatment
of cardiovascular diseases is also under investigation [69].

FetA and chymase, though acting through distinct mechanisms, function in comple-
mentary ways in pathophysiological processes such as inflammation, metabolism, and
fibrosis. In this context, their combined evaluation may support the development of highly
sensitive multi-biomarker algorithms for the early diagnosis and prognosis of conditions
such as NAFLD, type 2 diabetes, and metabolic syndrome. Looking ahead, the integration
of FetA and chymase into artificial intelligence- and machine learning-based clinical de-
cision support systems, together with traditional biomarkers (CRP, ALT/AST), imaging
modalities (e.g., elastography), and genetic data, could enable individualized risk profiling.
Such integration may pave the way for novel clinical applications, particularly in early
diagnosis, personalized therapy, and prognostic evaluation. Accordingly, the combined
investigation of FetA and chymase should be regarded as a hypothesis-generating concept
that requires comprehensive prospective clinical validation before informing therapeutic
decision-making. While these observations emphasize potential translational importance,
substantial limitations remain, including limited validation in human metabolic disease,
tissue-specific activity, and the absence of large-scale randomized clinical trials.

6. Limitations and Future Perspectives
Several limitations should be acknowledged. First, direct molecular interactions

between FetA and chymase have not been demonstrated, and the proposed framework is
based on functional intersection rather than direct coupling. Second, evidence supporting
the role of chymase in metabolic disease remains largely preclinical, highlighting the need
for well-designed human studies with metabolic outcomes. Notably, the lack of large-
scale, well-designed human clinical studies specifically evaluating chymase inhibition in
metabolic diseases represents a major limitation that currently limits translational and
therapeutic interpretation. Finally, heterogeneity in FetA levels across populations and
clinical conditions complicates its universal interpretation as a biomarker. Future research
should determine tissue-specific investigations, prospective human studies, and integrative
approaches combining mechanistic insights with clinical phenotyping. Importantly, human
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studies simultaneously targeting both FetA and chymase are currently lacking, representing
a key gap for integrated clinical translation.

7. Conclusions
FetA and chymase emerge as two fundamental biomolecules at the intersection of in-

flammation, insulin resistance, and fibrosis. While FetA is supported by substantial human
data as a clinically relevant, context-dependent biomarker, chymase remains a promising
but largely experimental factor to metabolic inflammation, with limited validation in hu-
man metabolic disease. FetA-driven metaflammation and chymase-mediated fibrogenesis
appear to converge on shared signaling pathways such as NF-κB and TGF-β, indicating that
their simultaneous modulation may provide synergistic benefits beyond single-molecule
interventions. Both molecules modulate inflammation and insulin resistance through dis-
tinct mechanisms, yet function in complementary ways within the pathophysiology of
metabolic diseases. Consequently, the combined evaluation of chymase and FetA may
enhance our understanding of the molecular basis of metabolic inflammation and guide
the development of novel therapeutic strategies.

FetA has been established as a clinically applicable biomarker, supported by its ease
of measurement, strong epidemiological evidence, and validation through Mendelian ran-
domization. Its well shown associations with type 2 diabetes, NAFLD, and cardiovascular
disease emphasize its diagnostic and prognostic utility, particularly in the setting of person-
alized healthcare. However, the cardiovascular effects of FetA appear to vary according
to factors such as diabetes status, sex, and inflammatory status, highlighting the need for
personalized approaches in clinical application.

In contrast, chymase has shown clear pathogenic relevance in experimental models,
where its inhibition attenuates both inflammation and fibrosis. However, the limited
availability of human data constrains its translation into clinical practice, underscoring
the urgent need for advanced-phase clinical trials. While recent progress is encouraging,
substantial limitations continue to exist. For chymase, the lack of robust human data on
circulating levels and their association with metabolic disorders such as NAFLD, insulin
resistance, and metabolic syndrome continues to limit our understanding, which remains
largely dependent on in vitro and animal studies.

At the molecular level, unresolved questions persist: the indirect influence of chymase
on TLR4 signaling, its role in macrophage polarization, and its effects on intercellular inflam-
matory communication remain unclear. Likewise, post-translational modifications of FetA,
including glycosylation and phosphorylation, have been only superficially investigated,
despite their potential to shape its biological activity and structural diversity.

Looking ahead, future priorities include multicenter prospective studies evaluating
both serum and tissue levels of these molecules, together with systematic mechanistic
investigations to clarify their roles in macrophage biology, TGF-β signaling, and insulin
pathways. Early-phase clinical trials of chymase inhibitors such as TY-51469 and Fulacim-
stat are warranted.

Beyond conventional approaches, the integration of FetA and chymase into AI- and
machine learning–based biomarker algorithms, together with classical biochemical markers
(CRP, ALT/AST), imaging modalities such as elastography, and genetic data, may facili-
tate individualized risk stratification and precision therapeutic strategies. An important
contribution of this review is the proposal of a dual-target approach that redefines FetA
and chymase as complementary drivers, rather than independent actors, in metabolic
inflammation. This systems-oriented approach integrates disease mechanisms and sup-
ports translational innovations such as multi-biomarker algorithms, AI-based decision
tools, and combination therapies, with the potential to improve early diagnosis, prognosis,
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and management of metabolic disorders. At present, however, artificial intelligence– and
machine learning based applications in this setting should be regarded as exploratory and
hypothesis generating approaches for integrating complex biomarker datasets, rather than
as validated clinical decision-making strategies. Importantly, while the role of FetA in
metabolic inflammation and insulin resistance is supported by substantial human evidence,
the role of chymase remains a developing concept primarily informed by experimental and
preclinical studies, underscoring the need for further clinical validation.
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