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ABSTRACT: Transforming growth factor-p1 (TGF-B1) is a pleiotropic cytokine that plays pivotal but
often opposing roles in immune regulation and tissue homeostasis. In macrophages, TGF-f1 signaling
integrates inflammatory, metabolic, and fibrotic responses in a highly context-dependent manner. This
review comprehensively investigates TGF-1 signaling mechanisms, metabolic crosstalk, and clinical
significance in macrophages, with a focus on diabetic complications. The canonical SMAD2/3-dependent
pathway, together with alternative SMADI1/5-dependent signaling and non-SMAD routes (including
mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase/protein kinase B (PI3K/AKT)
signaling), enables signaling divergence that allows TGF-B1 to exert both anti-inflammatory and profibrotic
effects. Pioneering work established the core mechanistic framework, while other studies elucidated its role
in alternative macrophage activation and tissue remodeling. Recent investigations associate high-glucose
culture conditions with increased lactate and altered TGF-B1/SMAD1/5 signaling in human macrophages,
suggesting a link between metabolic reprogramming and pro-atherogenic programs. In diabetes, chronic
hyperglycemia can reprogram macrophages and alter their responses to TGF-B1, potentially sustaining
inflammation and fibrosis. These macrophage responses are discussed in relation to diabetic kidney disease,
retinopathy, neuropathy, cardiomyopathy, and impaired wound healing. The glucose—lactate—TGF-
B1/SMADI/5 sequence remains a candidate mechanism: lactate mediation, osmotic effects, and consequent
organ injury have not been resolved. Therapeutic targeting of TGF-B1 remains challenging because of its
dualistic nature, which requires context-specific modulation and direct assessment of repair and safety. This
review discusses emerging strategies, including macrophage-targeted approaches and combined
immunometabolic interventions. A deeper understanding of context-dependent TGF-B1 signaling in
macrophages is essential for developing precision therapies that mitigate diabetic complications while
preserving physiological immune and reparative functions.
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1. Introduction

Transforming growth factor-f1 (TGF-B1) is a pleiotropic cytokine belonging to the TGF-f superfamily
that regulates cellular proliferation, differentiation, apoptosis, extracellular matrix remodeling, and immune
responses [1-3]. In the immune system, TGF-B1 regulates both anti-inflammatory responses and fibrotic
processes, with outcomes shaped by cellular context, microenvironmental cues, and disease state [1,2].

This narrative review focuses on macrophage TGF-B1 signaling and its immunometabolic regulation
in diabetic complications. Particular attention is given to how receptor availability, transcriptional cofactors,
and metabolic state shape the functional outputs of the conserved MAD/SMAD signaling machinery.
Findings from other innate immune populations provide complementary insights, with their relevance
distinguished from direct evidence in diabetic macrophages.

In innate immune cells—particularly macrophages, dendritic cells (DCs), neutrophils, and natural killer
(NK) cells—TGF-B1 critically modulates inflammatory signaling, immune tolerance, phagocytosis, and
tissue repair [2,3]. The molecular mechanisms of TGF-B1 signaling were elucidated through establishing
the core framework of ligand-induced receptor activation, canonical SMAD-dependent transcriptional
control, and noncanonical pathways [1,4]. These studies revealed how cellular context, lineage-specific
transcription factors, and extracellular signals dictate the remarkable functional diversity of TGF-B1
responses [1]. Building on this foundation, subsequent investigations highlighted TGF-B1°’s role in driving
alternative (M2-like) macrophage activation programs, including induction of immunoregulatory receptors
and tissue-remodeling gene signatures [5,6].

TGF-B1 modulates macrophage cytokine secretion, phagocytosis, and tissue-remodeling programs
[5,6]. In primary human macrophages, elevated culture glucose was associated with increased lactate and
enhanced TGF-B1-induced SMAD1/5 phosphorylation [7]. These findings provide a valuable experimental
basis for investigating lactate-mediated signaling, the contribution of osmotic effects, and the relevance of
this macrophage response to diabetic organ injury in vivo.

Cellular metabolism has emerged as a central regulator of innate immune function, influencing
bioenergetics, redox balance, epigenetic landscapes, and inflammatory signaling. Glucose metabolism, in
particular, exerts profound effects on immune cell fate [7-9]. TGF-B1 signaling is tightly intertwined with
these metabolic pathways, forming a bidirectional regulatory axis. TGF-B1 modulates glucose uptake and
glycolytic flux, while metabolic intermediates and nutrient-sensing pathways reciprocally control TGF-1
production, activation, and downstream signaling. This integration is especially critical in macrophages,
where metabolic reprogramming dictates the balance between pro-inflammatory and immunoregulatory
phenotypes [7]. In chronic disease settings, sustained crosstalk between hyperglycemia-driven metabolic
stress and TGF-B1 signaling drives maladaptive responses, including excessive fibrosis, impaired resolution
of inflammation, and immune suppression [7-9].

Diabetes mellitus, particularly type 2 diabetes, involves chronic inflammation associated with nutrient
excess, insulin resistance, advanced glycation end-products (AGEs), and oxidative stress [10—12]. In this
environment, macrophage metabolic adaptation and TGF-B1 responses may contribute to inflammatory and
fibrotic processes [3,5,7,13]. Their contribution must be distinguished from TGF-B1 signaling in other cells;
retinal microglial receptor-deletion experiments, for example, concern retinal homeostasis rather than
diabetes-induced systemic inflammation [14].

While numerous reviews have addressed the role of TGF-B1 in diabetic complications, most have
focused primarily on its direct profibrotic effects in tissue-resident cells such as fibroblasts, mesangial cells,
or podocytes. This review focuses on macrophages, investigating the interplay between TGF-B1 signaling
and immunometabolic reprogramming and considering trained immunity as a possible contributor to
disease persistence. This review discusses how hyperglycemia-associated metabolic reprogramming may
alter TGF-B1 responses from homeostatic to maladaptive [7]. By emphasizing signaling divergence and the
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context-dependent functions of TGF-B1 in macrophages, this review offers a novel immunometabolic
perspective that bridges molecular mechanisms with clinical diabetic complications and identifies
promising precision therapeutic opportunities.

We synthesize macrophage TGF-B1 signaling mechanisms and responses to metabolic stress. The
contribution of this review is to connect conserved MAD/SMAD architecture with signaling divergence
and immunometabolic regulation while distinguishing direct diabetic evidence from indirect observations,
mechanistic associations from causal mediation, and proposed therapeutic strategies from demonstrated
clinical efficacy.

Targeted searches of PubMed, Clarivate, and Scopus-indexed records and linked publisher full texts
were conducted through 20 October 2026 using combinations of TGF-B/TGF-B1, macrophage, innate
immunity, diabetes, hyperglycemia, SMAD1/5, SMAD2/3, lactate, glycolysis, trained immunity, metabolic
memory, and clinical trial. Original studies were prioritized for mechanistic and clinical claims, with
reviews used for context. Sources were selected for relevance to the cell type, model, intervention, and
outcome; non-diabetic evidence was identified as indirect. This was a targeted narrative review, not a
systematic review or formal risk-of-bias assessment.

2. Molecular Mechanisms of TGF-p1 Signaling in Innate Immune Cells

Active TGF-B1 binds the type II receptor TGFBR2, which recruits and phosphorylates the type I
receptor TGFBR1/ activin receptor-like kinase 5 (ALKS) [1]. The conserved receptor framework provides
a mechanistic foundation for understanding macrophage TGF-B1 responses, complemented by insights into
context-dependent signaling from neural stem-cell and tumor studies [4]. ALKS phosphorylates SMAD?2/3,
which associate with SMAD4 and regulate transcription through nuclear partners and chromatin regulators.
This canonical pathway can mediate immune restraint, differentiation, or extracellular matrix production
depending on the responding cell [1].

TGF-B1 signaling extends beyond the canonical SMAD2/3 pathway to include MAPK, PI3K/AKT,
and Rho-GTPase cascades [15,16]. In primary human macrophages, TGF-B1 also activates an alternative
SMAD1/5-dependent branch [7,15], expanding its signaling repertoire through both SMAD-dependent and
SMAD-independent mechanisms [1,16].

TGF-B1 bioavailability is tightly controlled. The cytokine is secreted in a latent form complexed with
latency-associated peptide (LAP) and latent TGF-B1-binding proteins (LTBPs). Activation requires
proteolytic cleavage, integrin-mediated release (particularly via avp6 and avB8 integrins), or mechanical
forces within the extracellular matrix, ensuring precise spatial and temporal control during inflammation
and repair [1,17].

2.1. TGF-p1-Mediated Regulation of Macrophage Polarization

TGF-B1 shapes macrophage activation through context-dependent immunoregulatory and tissue-
remodeling programs [3,5]. These responses reflect a continuum of functional states, with M1-like and M2-
like designations serving as experimental descriptors within the broader diversity of macrophage
phenotypes in vivo [18,19].

Gratchev and colleagues demonstrated that glucocorticoids enhance surface expression of TGFBR2 on
human monocyte-derived macrophages, thereby sensitizing them to TGF-B1 and initiating a coordinated
multistep gene expression program characteristic of alternative activation [5]. Subsequent work identified
key TGF-B1-responsive genes in alternatively activated macrophages. One prominent example is chitinase-
3-like protein 2 (YKL-39), which is potently induced by the combination of IL-4 and TGF-B1 and serves
as a marker of macrophages involved in extracellular matrix (ECM) remodeling, angiogenesis, and chronic
inflammatory conditions [18].
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Tumor-associated macrophages illustrate the coexistence of immunosuppression and tissue remodeling
under TGF-B-rich conditions [3]. Stabilin-1 provides a related example of a multifunctional homeostatic
scavenger receptor [6]. Neither tumor-associated nor M2-like features alone establish beneficial repair in diabetes.

Elevated-glucose culture conditions increase lactate and enhance TGF-Bl-induced SMADI1/5
phosphorylation in human macrophages [7]. The proposed progression from these responses to chronic
vascular remodeling requires causal testing in diabetic tissues [16].

Macrophage plasticity thus depends on the dynamic balance between canonical SMAD2/3 and
alternative SMAD1/5-dependent and non-SMAD TGF-B1 signaling, modulated by the surrounding
cytokine environment, metabolic status, and tissue-specific cues [7,18] (Figure 1).

Macrophage activation is heterogeneous, with mixed and transitional states influenced by metabolic,
inflammatory, and spatial cues [19]. Consequently, TGF-B1 responses in diabetic tissues cannot be
predicted from M1/M2 labels alone [3,7]. Functional measurements alongside transcriptional and metabolic
profiling are needed to assess repair, inflammation, and fibrosis.
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Figure 1. TGF-B1 signaling branches and candidate metabolic crosstalk in macrophages. TGF-B1 receptor signaling engages
canonical SMAD2/3, alternative SMAD1/5, and non-SMAD pathways in a cell-dependent manner [1,5,15,16]. Elevated glucose
in cultured human macrophages was associated with increased lactate and enhanced TGF-B1-induced SMAD1/5 phosphorylation
[7]. Lactate mediation and direct ALK-receptor activation by lactate are not established. This schematic does not demonstrate

diabetic organ injury, exclude osmotic effects, or created to assign uniformly protective or pathogenic functions to individual
SMAD branches.

2.2. TGF-p1 Signaling in Dendritic Cells and Natural Killer Cells

In dendritic cells, TGF-B1 can inhibit maturation and antigen presentation, providing an immune-
regulatory comparison with macrophages [2].

In NK cells, TGF-B1 can suppress cytotoxicity and IFN-y production, particularly in tumors [2],
however, these effects do not establish corresponding mechanisms in diabetic macrophages.

Interferon—TGF-B1 interactions provide broader immune context [20]. High-glucose experiments in

virus-infected A549 epithelial cells [21] are distinct from direct TGF-B1 signaling experiments in diabetic
dendritic or NK cells.
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2.3. TGF-p1 Signaling in Neutrophils and Retinal Microglia

Neutrophil responses to TGF-B1 vary with the inflammatory and tumor environment [16]. Although
neural and tumor studies provide additional tissue context [4], but they do not establish a diabetes-specific
neutrophil mechanism.

Disruption of TGF-1 receptor signaling in retinal microglia compromises retinal homeostasis and
exacerbates retinal degeneration and choroidal neovascularization [14]. These findings establish a
homeostatic role for microglial TGF-B1 signaling in non-diabetic retinal models, providing a foundation
for investigating its relationship to macrophage lactate—-SMAD1/5 signaling in diabetes.

Table 1 separates biological context from therapeutic evidence, as such established effects in one cell
type or disease model should not be generalized across diabetic organs.

Table 1. Innate immune cell context and evidence level of proposed therapeutic strategies.

Cell Context Biological Interpretation Therapeutic Strategy and Evidence Level References
Hypothesis: selective SMAD1/5
TGF-p1 b t . .
Macrophages availa[z)ilirte Szzgsrfe:;gzlig Srth: p(?ljlture modulation or macrophage-directed [3,5-7,13,15,22-
phag y | delivery. Not yet established clinical 24]

signaling does not prove organ injury. efficacy in diabetic complications

Tolerogenic dendritic and suppressed NK-
Dendritic and NK  cell functions provide contextual
cells comparisons; pregnancy and B-cell studies
concern other populations.

Hypothesis: cell-specific TGF-B1
modulation in diabetes; tumor/immune [2,25-27]
findings cannot establish diabetic benefit.

Inflammation and NET-associated injury Preclinical/indirect: NET-related

. are distinct from direct macrophage interventions; combined timed TGF-p1
Neutrophils . . S . [16,28-30]
SMAD signaling; plaque and cancer data modulation in diabetes remains
concern other settings. hypothetical.
Hypothesis: intraocular pathway
. . . TGF-B1 receptor deletion in a non-diabeticmodulation with anti-VEGF; the cited
Retinal microglia ; . . . . . . [14,31]
retinal model impairs homeostasis. evidence does not establish this
combination or its safety.
Clinical evidence: GLP-1 receptor
.. . agonists/SGLT2 inhibitors in specified
. . Clinical outcome evidence must be : .
Clinical metabolic distineuished from a macrophage populations. Their proposed macrophage [32.33]
treatments mechfnism pPhag TGF-B1 mediation, and combination with ’
' selective SMAD1/5 inhibition, remain as
future research direction.
Clinical, negative in diabetic nephropathy:
. .. . . . LY2382770. Clinical studies in oth
Direct pathway Clinical trials concern different diseases . 382770. € .1n1ca studies 1?1 © .er
. . . diseases: fresolimumab, galunisertib, [34-37]
interventions and different targets.

bexotegrast. No inference of selective

SMADI1/5 efficacy.

Abbreviations: NET, neutrophil extracellular trap formation; GLP-1, glucagon-like peptide-1; SGLT2, sodium—glucose
cotransporter 2. Evidence labels apply to the specified intervention and population, not to a proven macrophage-specific
mechanism in diabetes.

2.4. TGF-B1 in Chronic Inflammation

Macrophages can both produce TGF-B1 and respond to it during chronic inflammation [6,9,22]. Ligand
secretion acting on neighboring matrix-producing cells differs from receptor—SMAD signaling within
macrophages, and these processes require separate experimental attribution.
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3. SMAD Homology Proteins in TGF-p1 Signaling: Structural Basis, Regulatory Networks, and
Functional Implications in Innate Immunity

SMAD proteins are the principal intracellular effectors of transforming growth factor-p1 (TGF-B1)
signaling [1,4]. They constitute a highly conserved family of transcriptional regulators that mediate cellular
responses to TGF-B superfamily ligands. These proteins are essential for immune homeostasis, cellular
differentiation, extracellular matrix remodeling, and inflammatory adaptation [1-3]. The term “SMAD”
originates from the evolutionary homology between the Caenorhabditis elegans protein SMA and the
Drosophila melanogaster protein Mothers Against Decapentaplegic (MAD). Mammalian SMADs retain
significant structural and functional conservation with these ancestral molecules and function as the primary
downstream transducers of TGF-B1 receptor activation [1,4].

The seminal genetic studies in Drosophila provided an important conceptual foundation for
understanding TGF-f superfamily signaling as a context-dependent regulatory network rather than a simple
linear ligand-receptor cascade. Identification of Schnurri (Shn) as a downstream effector of
Decapentaplegic (Dpp) demonstrated that Dpp-dependent developmental responses require transcriptional
regulators acting downstream of receptor activation, with Shn activity contributing to tissue patterning, Dpp
autoregulation, and midgut morphogenesis [38]. In parallel, studies of the Drosophila viscera demonstrated
that Dpp and Wingless (Wg) function as intercellular positional cues that establish and maintain homeotic
gene expression through feedback and autoregulatory circuits, emphasizing the importance of
communication between neighboring cell populations in determining cellular identity [39]. These
observations preceded the molecular delineation of the conserved SMAD pathway, in which TGF-f family
ligands activate receptor-regulated SMADs that cooperate with tissue-specific transcriptional regulators to
determine target-gene expression [40]. Subsequent work has established that cellular responses to TGF-$1
are shaped by receptor availability, SMAD phosphorylation and complex composition, non-SMAD
signaling, transcription-factor partnerships, and chromatin and epigenetic states, providing a mechanistic
basis for the remarkable context dependence of TGF-B1 responses [41,42]. This principle is particularly
relevant to macrophages, where TGF-B1 can simultaneously reshape transcriptional and metabolic
programs. Recent evidence demonstrates that TGF-B1 exposure promotes glycolytic reprogramming
through the mechanistic target of rapamycin (mMTOR)-MYC proto-oncogene protein (c-MY C)-liver-type
phosphofructokinase-1 (PFKL) axis axis while suppressing inflammatory transcriptional programs through
SMAD?3-associated epigenetic remodeling [43,44]. Moreover, emerging evidence indicates that the
metabolic microenvironment itself can alter TGF-f1 signal interpretation: under high-glucose conditions,
TGF-B1 activates the SMAD1/5 pathway in primary human macrophages, in addition to canonical SMAD?2
signaling, suggesting that metabolic stress can redirect TGF-B1 signaling toward distinct downstream
outputs [7,8]. Conservation of the core machinery permits different outputs through receptor regulation and
transcriptional partnerships [40,41]. Developmental Dpp studies establish signaling principles; macrophage
receptor regulation [5], SMAD1/5 activation [7,15], and glycolysis—inflammation uncoupling [44] provide
the context for Sections 4 and 5.

SMAD transcriptional regulation and its control through linker phosphorylation, phosphatases, and
phosphoserine-dependent turnover establish how receptor signals acquire context-specific outputs
[1,2,23,24]. Macrophage, placental, vascular, and cancer literature illustrates different biological settings
and should not be treated as interchangeable evidence of diabetic macrophage injury [3,7,25,28,29].

3.1. Structural Organization of SMAD Proteins

Receptor-regulated SMADs and SMAD4 share a conserved modular structure consisting of two
globular domains—the N-terminal MAD homology 1 (MH1) domain and the C-terminal MAD homology
2 (MH2) domain—connected by a variable proline-rich linker region that serves as a key regulatory
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platform [1-4]. The MH1 domain primarily mediates sequence-specific DNA binding to SMAD-binding
elements (SBEs) in promoter and enhancer regions. SMAD complexes cooperate with transcriptional and
chromatin regulators to generate context-specific outputs [1]. The major full-length SMAD2 isoform has
an MH1 insertion that limits direct DNA binding; SMAD2 and SMAD3 therefore should not be treated as
functionally identical. Inhibitory SMAD?7 lack the same MH1 architecture [16,42]. The MH2 domain
functions as the main effector region. It mediates receptor interaction, SMAD oligomerization, and
recruitment of transcriptional co-regulators. Upon TGF-B1 receptor activation, receptor-regulated SMADs
(R-SMADs: SMAD2 and SMAD3 and/or SMADI and SMADS) are phosphorylated at C-terminal serine
residues within the MH2 domain. This phosphorylation induces conformational changes that enable
formation of active SMAD complexes, nuclear translocation, and transcriptional regulation [1,4,7].

The linker region integrates MAPK, CDK, GSK-3f, and other inputs; phosphorylation and ubiquitination
control SMAD activity, localization, and turnover [23,24,27]. Regulatory B-cell biology provides a separate
immune-regulatory context [26], rather than direct evidence for these macrophage linker mechanisms.

3.2. SMAD Signaling Networks in Innate Immune Cells

In macrophages, SMAD signaling links receptor availability and metabolic context to cytokine
production and tissue-remodeling programs [3,5,7].

Alternative activation and scavenger-receptor expression illustrate macrophage specialization [3,5,6].
In high-glucose cultures, altered SMAD signaling provides evidence of metabolic responsiveness [7], but
inflammatory restraint, repair, and fibrosis remain distinct functional outcomes to be elucidated.

IL-6 reversal of tumor-derived TGF-B1-mediated dendritic-cell inhibition provides a non-macrophage
example of signaling integration [45]. NK-cell regulation and immune responses to eye injury provide
further contextual comparisons [2,31].

3.3. Noncanonical SMAD Signaling and Pathophysiological Consequences

Here, “noncanonical SMAD” denotes alternative SMAD-dependent signaling, not SMAD-independent
signaling. SMAD2 and SMAD?3 also have distinct functions and should not be treated as interchangeable.
SMAD3 can support inflammatory restraint in macrophages while promoting extracellular matrix
production in other cells. In obese diabetic mice, systemic Smad3 perturbation reduced myocardial fibrosis
but compromised cardiac or aortic geometry, illustrating that antifibrotic effects can coexist with loss of
structural integrity [46]. Such whole-animal effects cannot be attributed exclusively to macrophages.
Therapeutic selection therefore requires cell- and disease-stage-specific functional evidence [22,42,47,48].

TGF-B1 activates SMADI1/5 in primary human macrophages and induces pro-atherogenic gene
expression [15]. Elevated culture glucose enhances this response [7]; neither experiment alone establishes
plaque progression or organ injury in diabetes.

SMAD complex composition and metabolic state influence TGF-f1 responses [7,8,16]. SMADI1/5
should not be designated uniformly pathogenic, nor SMAD2/3 uniformly protective; functional
consequences require cell- and model-specific evidence.

4. Divergence and Convergence of TGF-B1 Signaling in Innate Immune Cells and Inflammatory
Responses

TGF-B1 produces different outcomes through receptor composition, intracellular signaling partners,
and the metabolic and inflammatory environment [ 1,4,49]. The following discussion focuses on how these
variables affect macrophage immunometabolism.
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Divergence denotes activation of distinct pathways by one receptor system, while convergence denotes
integration of different inputs at shared signaling or transcriptional nodes [49,50]. In macrophages, this
network organization connects extracellular cues to inflammatory and metabolic responses [1,50].

4.1. Divergence of TGF-p1 Signaling Pathways
4.1.1. Canonical and Noncanonical Signaling Divergence

Canonical SMAD2/3, alternative SMAD1/5, and non-SMAD branches provide distinct routes for
signal divergence [1,51]. Their relative activity depends on cell type and microenvironment; general neural
or tumor observations are contextual [4].

Canonical SMAD signaling exerts cell-dependent effects, suppressing inflammatory cytokine
production in macrophages while promoting extracellular matrix synthesis in other responsive cell
populations. Its implications for tissue repair therefore require functional assessment beyond pathway
activation or changes in cytokine expression alone [22,42,50].

4.1.2. Cell Type-Specific Divergence

Macrophage-specific outputs include alternative activation and SNAIL-associated suppression of
inflammatory cytokines [3,5,52]. These programs can accompany remodeling without demonstrating
successful repair.

Dendritic-cell and NK-cell immune regulation provides a comparison for cell-dependent divergence
[2,49], however, these mechanisms are not assumed to explain diabetic macrophage phenotypes.

4.1.3. Microenvironment Dependent Divergence

Glucocorticoid-dependent TGFBR2 expression sensitizes human macrophages to TGF-B1 [5]. Tumor-
associated and SNAIL-related responses illustrate other contextual effects [49,52]; glucose-associated
signaling is considered separately in Section 5.

4.2. Convergence of TGF-f1 Signaling Pathways
4.2.1. Convergence on Shared Transcriptional Programs

SMAD complexes cooperate with transcription factors and chromatin regulators to integrate
extracellular signals [1,51]. Autophagy and lipid-droplet biology supplies additional metabolic context in
liver disease [53], rather than direct evidence for each macrophage transcriptional interaction.

Convergent pathways can coordinate cytokine regulation and remodeling programs in macrophages
[5,52]. Their net effect must be measured rather than inferred from an activation label.

4.2.2. Convergence with Pattern Recognition Receptor Signaling

Interferon—TGF-B1 interactions illustrate immune counter-regulation [20]. TGF-B2/TLR4 crosstalk in
trabecular meshwork cells [54], TGF-B1/NF-«B observations in disc degeneration [55], and neuroblastoma
drug-resistance experiments [56] demonstrate context-dependent interactions outside diabetic macrophages.
Autophagy and lipid-droplet pathways add related metabolic context [53].

4.3. Functional Implications of Signaling Divergence and Convergence

Divergence and convergence support adaptation to infection and injury but can also contribute to
fibrosis or immune suppression [4,7,50,51]. Their relevance to diabetes requires evidence from the
appropriate responding cells.
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Selective therapeutic modulation of specific divergent branches (e.g., SMADI1/5 inhibition) or
convergent nodes may hold promise for suppressing pathological signaling in specific cell populations, but
preservation of repair and immune function requires direct testing.

5. Interplay Between Glucose Metabolism and TGF-B1 Signaling in Innate Immune Cells
5.1. Metabolic Reprogramming in Innate Immune Cells

Macrophage activation involves changes in glucose uptake, glycolysis, mitochondrial metabolism, and
biosynthetic pathways [57]. A glycolytic phenotype can support inflammatory activity, but it is not a
sufficient marker of inflammation.

In contrast, alternatively activated or immunoregulatory macrophages rely more on oxidative
phosphorylation and fatty acid oxidation, which sustain long-term tissue repair and anti-inflammatory
activities [58,59]. TGF-B1 effects cannot be inferred from a glycolytic-versus-oxidative polarization
dichotomy: increased glycolysis can coexist with suppression of inflammatory cytokines [44].

5.2. Regulation of Glucose Metabolism by TGF-S1 Signaling

Studies on TGF-B1 pretreatment followed by inflammatory stimulation in macrophages and
experimental sepsis have shown increased glycolysis coexisting with reduced inflammatory cytokines, but
treated mice showed increased coagulation and reduced survival [44]. These findings do not demonstrate
improved tissue repair or overall benefit and still differ from sustained high-glucose differentiation
experiments [7].

TGF-B1 signaling interacts with glucose transport, glycolytic enzymes, and nutrient-sensing pathways
across cell types [60]. In macrophages, mMTOR—c-MY C-PFKL-dependent glycolysis can be separated from
SMAD3-associated cytokine suppression [44]. Thus, suppression of inflammatory markers must be
assessed alongside coagulation, tissue function, and survival rather than interpreted as restoration of
homeostasis [5,7].

5.3. Glucose Availability as a Regulator of TGF-f1 Signaling

Basal and elevated culture glucose of approximately 17.5 and 42.5 mmol/L, respectively [7], have been
used as experimental media concentrations in macrophages in vitro, showing increased lactate and altered
TGF-B1-induced SMADI1/5 signaling. Taken in account that physiological human glycemia and typical
diabetic whole tissue conditions are different, continuous glucose exposure, osmotic control, selective
lactate manipulation with blockade/rescue, donor variability, and macrophage differentiation conditions
along with persistent immune memory after glucose withdrawal or diabetic organ injury in vivo, remain as
a future investigation challenges.

The interaction between glucose metabolism and TGF-B1 signaling is bidirectional. High glucose
availability and metabolic intermediates strongly modulate TGF-B1 production, receptor sensitivity, SMAD
activation, and downstream responses [61]. Hyperglycemia promotes oxidative stress and inflammatory
signaling, which enhance TGF-B1 expression and activation of latent complexes. Lactate-mediated
acidification can activate latent TGF-B1 in non-diabetic pulmonary fibrosis experiments [62]. All may
suggest the need to investigate lactate as the mediator of SMAD1/5 activation in human macrophages.

Nutrient-sensing pathways such as mTOR and adenosine monophosphate—activated protein kinase
(AMPK) serve as critical nodes in this crosstalk. AMPK activation generally restrains profibrotic TGF-1
responses, whereas mTOR signaling can potentiate anabolic and fibrotic programs driven by TGF-B1 [22].
Thus, the metabolic state of macrophages directly shapes the intensity and functional outcome of TGF-f1
signaling [63—65].
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5.4. Interaction Between TGF-f1 Signaling and Glucose Metabolism

TGF-B-dependent fibrosis involves matrix-producing cells and metabolically active immune
populations [22,57]. Lactate-associated activation of latent TGF-f1 has supporting evidence in pulmonary
fibroblast models [62]; extrapolation to a macrophage-intrinsic diabetic feedback loop remains hypothetical.

A glucose—lactate-TGF-B1 feedback loop is therefore a candidate mechanism linking metabolic stress
to fibrosis [7,22]. Its mediation of injury across kidney, heart, retina, nerves, and wounds has not been
demonstrated by the human macrophage culture study.

5.5. Noncanonical Metabolic Signaling and TGF-f1 Responses

Alternative SMAD1/5-dependent signaling and non-SMAD routes involving PI3K/AKT and MAPK
further link TGF-B1 receptor activation to glucose metabolism, mitochondrial function, and anabolic
pathways [7,16,51].

The integration of canonical and noncanonical TGF-B1 signaling thus enables macrophages to coordinate
immune regulation with metabolic adaptation across diverse physiological and pathological contexts.

6. Trained Immunity and Metabolic Memory in TGF-$1 Signaling

Emerging evidence indicates that hyperglycemia induces long-term functional reprogramming of
innate immune cells through a process known as trained immunity (or innate immune memory) [66,67].
This epigenetic and metabolic reprogramming enables macrophages and their progenitors to generate
adapted inflammatory responses upon subsequent stimulation, even after normalization of glycemic levels,
a mechanism that may contribute to the broader phenomenon of “metabolic memory” in diabetes, although
the terms are not synonymous [66—68].

Hyperglycemia can produce metabolic and epigenetic reprogramming associated with trained
immunity in macrophages and their precursors [66]. Histone methylation, including H3K4me3, and histone
lactylation are distinct modifications; the latter should not be inferred from methylation findings. Increased
lactate and SMAD1/5 phosphorylation during continuous glucose exposure [7] do not establish persistent
trained immunity. Whether histone lactylation sustains TGF-1/SMAD1/5-dependent profibrotic memory
remains a hypothesis requiring direct perturbation and persistence experiments [66—69].

Trained immunity may contribute to persistent diabetic vascular inflammation [66], but durable
training requires functional changes after stimulus withdrawal and an appropriate resting interval, often
assessed upon subsequent challenge. Ongoing stimulation, acute TGF-B1 pretreatment/LPS responses [44],
and broader metabolic memory [68] should be distinguished from such persistence. TGF-f1 acting as both
an inducer and downstream effector of diabetic trained immunity is a proposed mechanism rather than a
demonstrated causal sequence [66,67,69—71].

Targeting trained immunity represents a promising therapeutic frontier. Interventions aimed at
reversing epigenetic marks (e.g., histone methyltransferase inhibitors) or modulating immunometabolism
(e.g., mTOR or PKM2 inhibitors) could potentially “de-train” macrophages and restore physiological TGF-
B1 responsiveness [69,71].

7. Clinical Perspectives on TGF-f1 Signaling in Innate Immune Cells During Diabetes

7.1. TGF-p1 Signaling and Innate Immune Dysfunction in Diabetes

Chronic hyperglycemia disrupts macrophage function through mitochondrial dysfunction, oxidative
stress, AGEs, and persistent inflammation, resulting in maladaptive immune responses and tissue
remodeling. In this context, TGF-B1 plays a dual role: it initially limits inflammation and promotes repair
but, when persistently activated, drives fibrosis, vascular remodeling, and organ-specific dysfunction [1,7]
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(Figure 2). Macrophages are central to diabetic inflammation, producing pro-inflammatory mediators that
exacerbate insulin resistance and tissue damage, while chronic TGF-B1 exposure promotes profibrotic
Emerging evidence further highlights

phenotypes

13,5,7].

a bidirectional

immunometabolic reprogramming and TGF-B1 signaling in diabetic macrophages [7,57].

7.2. Clinical Implications in Diabetic Complications

Macrophage-derived TGF-B1 acting on neighboring cells must be distinguished from signaling within
macrophages. Table 2 identifies ligand source, responding cells, interventions, outcomes, and limitations

of representative experiments; unspecified sources should not be attributed to macrophages.

Table 2. Experimental evidence separating ligand source from responding cells.
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Does not test
Human diabetic Endogenous Renal/systemic ~ Anti-TGF-B1 No renal efficacy;selective SMAD1/5

nephropathy ligand; cellular  populations not antibody trial stopped earlyinhibition or [37]
randomized trial origin not isolatedresolved LY2382770 for futility macrophage-targeted
delivery

Diabetic nephropathy is a prototypical example of pathological TGF-B1 overactivation. TGF-
B1/SMAD signaling contributes to diabetic renal fibrosis in multiple renal cell populations [22,47]. Renal
fibroblast experiments demonstrate high-glucose-associated autocrine TGF-B1-dependent proliferation and
collagen synthesis [61]. A separate experimental study examined Clq/TNF-related protein 1 and
macrophage activation in renal inflammation and fibrosis [74]; it does not establish macrophage-specific
TGF-B1 blockade. Attribution of a renal effect to macrophage-produced ligand or macrophage-intrinsic
signaling requires cell-specific perturbation.

In vascular disease, human macrophage experiments identify TGF-Bl-induced SMADI/5
phosphorylation and pro-atherogenic gene expression, with enhancement under elevated culture glucose
[7,15]. These readouts do not establish plaque progression, vascular stiffness, or a time-dependent
conversion from protection to injury, which require further investigation. General TGF-B1 vascular biology
includes inflammatory regulation, matrix production, and maintenance of tissue integrity [1,2,16,22,48].
Endothelial wound responses [75], macrophage glycolysis in atherosclerosis [76], and neutrophil-
associated cardiorenal injury [30] provide related but distinct evidence. Their synthesis motivates direct
testing of macrophage-specific pathways to implement single mechanisms generalized for all
cardiovascular complications.

Diabetic neuropathy involves interacting metabolic, vascular, inflammatory, and neural mechanisms
[77,78]. These clinical and mechanistic reviews do not establish a macrophage-specific lactate—TGF-
B1/SMADI1/5 pathway in peripheral nerves so such direct nerve-specific perturbation studies are needed.

Diabetic retinopathy involves neurovascular inflammation and interactions among resident microglia,
recruited macrophages, and retinal vascular cells [79]. TGF-B1 pathways have been implicated in retinal
fibrosis and remodeling [80], but these observations do not establish a macrophage lactate—SMAD1/5
mechanism. Non-diabetic microglial loss-of-function experiments [ 14] must be interpreted separately from
diabetic retinal injury.

Diabetic wounds are characterized by persistent inflammation and failure of macrophages to transition
into a reparative phenotype [81]. Dysregulated TGF-f1 signaling—either insufficient in early phases or
excessive later—impairs granulation tissue formation, angiogenesis, and timely resolution [82]. These
studies concern angiogenesis and phase-dependent wound repair. Endothelial responses to
photobiomodulation in diabetic wounds emphasize that improved repair can involve responding cells other
than macrophages [75].

Diabetic cardiac fibrosis has experimental support involving SMAD3, including a trade-off between
reduced fibrosis and altered cardiac or aortic geometry [46]. This is not a macrophage-specific result. High-
glucose endothelial transdifferentiation experiments provide separate vascular evidence [83], whereas
glucagon-like peptide-1 (GLP-1) receptor agonist and sodium—glucose cotransporter 2 (SGLT2) inhibitor
outcome evidence concerns clinical drug effects [32]; neither establishes cardiac macrophage signaling as
the mediator.

Macrophage-derived TGF-B1 can act on hepatic stellate cells and other neighboring matrix-producing
cells in liver and adipose fibrosis [72,73]. This paracrine mechanism differs from SMAD activation inside
macrophages. Macrophage remodeling programs provide related context [3,5,6], thus, Figure 2 provides an
organizing hypothesis rather than a demonstrated mechanism shared across organs.

Liver and adipose fibrosis are related metabolic conditions that overlap with diabetes and influence
systemic inflammation [72,73]. Kupffer-cell and recruited-macrophage secretion of TGF-B1 acting on
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hepatic stellate cells represents a paracrine interaction, distinct from SMAD activation within macrophages.
Aging, oxidative stress, and cellular senescence may modify this inflammatory environment. Tarantino et
al. studied 80 obese patients with non-alcoholic fatty liver disease (NAFLD) and found independent
associations of age and circulating IL-15 with carotid intima-media thickness (cIMT) [84]. This supports
consideration of liver-related metabolic inflammation alongside vascular aging and extends the clinical
context of macrophage-associated inflammatory networks. Longitudinal and mechanistic studies are
required to test whether, TGF-B1 or SMAD signaling can show cIMT structural vascular correlate,
proposing hepatic TGF-f1 mechanism.
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Figure 2. Conserved SMAD architecture and proposed links to diabetic tissue responses. (A) Conserved modular structure of
receptor-regulated SMADs and SMAD4, showing the MH1 and MH2 domains joined by a regulatory linker. (B) Domain-specific
functions and context-dependent transcriptional outputs, including DNA binding, co-regulator interactions, and receptor-
mediated SMAD activation. Full-length SMAD2 differs in its direct DNA-binding ability [1,42]. (C) Proposed relationships
between the systemic diabetic milieu and tissue responses in the kidney, peripheral nerves, retina, heart, wounds, adipose tissue,
and liver. These relationships integrate evidence from different models and responding cell types [22,47,72,74]; they do not
establish a common macrophage glucose—lactate—TGF-B1/SMAD1/5 mechanism causing injury across organs. Macrophage-
derived ligand acting on neighboring cells must be distinguished from signaling inside macrophages. Targeted interventions
remain hypotheses requiring functional and safety testing [16,85].

8. Current Challenges, Research Gap and Future Directions
8.1. Current Limitations and Challenges

Despite promising advances, several important limitations continue to hinder the clinical translation of
TGF-B1-targeted therapies for diabetes [16,85]. Most mechanistic insights into TGF-B1 signaling in
macrophages have been derived from preclinical studies, with relatively limited validation in human
diabetic tissues [7,22]. In particular, the therapeutic potential of selective SMAD1/5 pathway inhibition,
while conceptually attractive, remains largely untested in clinical settings. Furthermore, safely modulating
TGF-B1 remains challenging because of its context-dependent, pleiotropic functions, exerting protective
anti-inflammatory and tissue-reparative effects in some settings while promoting fibrosis and immune
suppression in others [1,2,16,85]. This functional complexity increases the risk of unintended consequences,
including impaired wound healing and compromised immune surveillance, thereby complicating the
development of safe and effective therapeutic interventions.
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Selective SMAD1/5 modulation, macrophage-directed delivery, and targeting downstream profibrotic
effectors are candidate approaches [16,85]. Greater efficacy or safety than global inhibition has not been
established in diabetic complications.

Metabolic drugs should be evaluated separately from proposed macrophage signaling mechanisms.
The sequence in which metformin lowers macrophage lactate and thereby inhibits TGF-f1/SMAD1/5 has
not been directly established by the cited studies and is not asserted here [7,57,63]. GLP-1 receptor
agonist/SGLT2 inhibitor outcome evidence [32] and SGLT2 inhibitor heart-failure literature [33] cannot
establish metformin efficacy or macrophage-specific mediation. Combined metabolic and pathway-
targeted treatment remains a research hypothesis [22].

8.2. Research Gap and Proposed Hypotheses

Important gaps concern how hyperglycemia-associated immune training and metabolic memory
interact with TGF-B1 signaling [66—69]. TGF-B1, TGF-B2, and TGF-3 are ligand isoforms; SMAD1/5 and
SMAD?2/3 are signaling branches, not TGF-B1 isoforms. Receptor regulation, histone lactylation, and non-
coding RNAs warrant direct mechanistic testing [7,66,69]. Infection, microbiome-related cues, and
communication between tissues provide additional candidate influences [8,9,22,72]. Three testable
hypotheses follow.

1. The proposed lactate—TGF-B1/SMAD1/5 immunometabolic checkpoint.
We hypothesize that lactate contributes to the enhancement of TGF-f1/SMADI/5 signaling under
elevated culture glucose [7]. Causal mediation requires lactate manipulation with inhibition and rescue,
pH and osmotic controls, and pathway-specific perturbation. Persistence, pro-atherogenic function, and
organ injury must be measured independently [7,66,68]. Selective inhibition may be investigated, but
preserved SMAD2/3 activity alone would not establish repair or safety [16,22].

2. Trained immunity reprogramming via TGF-B1 modulation.
TGF-B1 may interact with metabolic and epigenetic processes underlying trained immunity [66,70].
Whether histone lactylation sustains TGF-B1 responsiveness requires direct testing after stimulus
withdrawal, rest, and restimulation [7,66,69]. Epigenetic or lactate-transporter interventions combined
with macrophage-directed signaling modulation remain hypotheses without demonstrated prevention
of diabetic organ injury.

3. Macrophage specific TGF-1 context modulation.
Macrophage TGF-B1 responses depend on the metabolic and cellular environment [7,57,60]. Targeted
delivery of branch-specific modulators is a candidate experimental approach. Effects on host defense,
repair, fibrosis, and structural integrity must be measured directly before claims of benefit across
diabetic complications can be made.

Overall and from a translational perspective, priority should be given to developing selective TGF-1
modulators, reliable biomarkers of pathway activity, and patient stratification approaches based on trained
immunity signatures. Ultimately, shifting from a binary “inhibit-or-activate” paradigm to precision
immunometabolic strategies will be essential to safely harness TGF-f1 biology in treating diabetic
complications while safeguarding its homeostatic roles.

8.3. Future Directions and Prioritizations

Combining metabolic interventions with cell-specific TGF-f1 pathway modulation warrants
preclinical testing [33,57,63]. Effective inflammation control, preserved repair, and clinical benefit are
goals rather than established outcomes.
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TGF-B1 ligand isoforms, receptor dynamics, and SMAD-dependent or non-SMAD signaling may
interact with epigenetic reprogramming and broader metabolic memory [67,68]. Their integration in human
diabetic macrophages, including possible microbiome influences, remains incompletely defined.

Macrophage-targeted nanoparticles, SMADI1/5 modulators, and integrin-directed strategies require
comparison with broader pathway inhibition. Synergy with SGLT2 inhibitors or metformin should be tested
rather than assumed.

Clinical evidence for GLP-1 receptor agonists and SGLT?2 inhibitors [32,33] is distinct from proposed
effects on macrophage TGF-B1 signaling [57,63]. The same work does not establish cardiovascular or renal
benefits of metformin. Hyperglycemia-induced trained immunity has experimental support, whereas its
causal mediation by TGF-f1 remains unresolved [66—69]. Macrophage-targeted delivery and selective
SMADI1/5 inhibition remain investigational concepts without demonstrated efficacy or safety across
diabetic organs [16].

Several TGF-B1 pathway interventions have been studied clinically, but the actual trial populations
must be distinguished. Fresolimumab was evaluated in steroid-resistant primary focal segmental
glomerulosclerosis [34] (NCTO01665391), galunisertib with gemcitabine in pancreatic cancer [35]
(NCTO01373164), and bexotegrast/PLN-74809 in INTEGRIS-IPF [36] (NCT04396756). These still do not
support efficacy claims in diabetic kidney disease or diabetic cardiomyopathy.

The diabetic nephropathy trial of the anti-TGF-f1 antibody LY2382770 enrolled 416 participants and
stopped early for futility, with no evidence of renal efficacy [37] (NCTO1113801). This negative trial does
not establish the efficacy of selective SMAD1/5 inhibition or macrophage targeting. Bexotegrast studies in
pulmonary fibrosis cannot establish efficacy in diabetic kidney disease or cardiomyopathy.

Failure or limited efficacy of broad TGF-B1 inhibition cannot be attributed solely to blockade of a
presumed protective SMAD2/3 branch. SMAD2 and SMAD3 have distinct, cell-dependent functions, and
reduced fibrosis can coexist with compromised tissue integrity. The proposed goal is suppression of
pathological signaling in defined cell populations while measuring repair, immune function, and structural
safety directly. Macrophage targeting and alternative SMAD1/5 modulation remain candidate strategies
requiring validation [16,22,42,47,48].

Prioritizing future research among the mentioned gaps, the integration of hyperglycemia-driven
epigenetic reprogramming with TGF-B1 signaling, particularly through histone lactylation and its
reinforcement of trained immunity and metabolic memory, represents the most critical priority [7,66,69].
Future studies should prioritize advanced biotechnologies and proteomic techniques in human diabetic
tissue macrophages and longitudinal cohorts, and edit and modulate SMADI1/5 and lactate pathway
components in humanized animal models. Addressing this nexus will provide the foundational insights
needed to rationally design precision immunometabolic therapies.

9. Conclusions

TGF-B1 integrates immune, metabolic, and tissue-remodeling signals in a cell- and context-dependent
manner. Elevated culture glucose in primary human macrophages was associated with increased lactate and
enhanced TGF-B1-induced SMAD1/5 phosphorylation [7]. Lactate mediation, exclusion of osmotic effects,
persistent immune memory, and consequent organ injury remain for future investigations. Evidence from
renal, neural, wound, vascular, and general macrophage studies informs clinical context but does not
establish one macrophage pathway causing all diabetic complications; rather, it suggests complex disease
pathways that figure out the systemic injury accompanied uncontrolled diabetes [32,47,57,74,77,81];
Figure 3A.

Therapeutic strategies must distinguish clinical drug outcomes from proposed macrophage
mechanisms. Selective SMADI1/5 modulation, macrophage-targeted delivery, and combined metabolic
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interventions require experimental validation; branch selectivity alone cannot infer improved efficacy,
safety, or preservation of repair (Figure 3B).

Further studies should identify ligand-producing and responding cells and directly measure inflammation,
fibrosis, host defense, tissue integrity, and function. This framework supports testing context-specific
treatments without treating candidate signaling links as established diabetic mechanisms [7,18,85].

A. MACROPHAGE SIGNALING AND DIABETIC CONTEXT  B. PROPOSED THERAPEUTIC STRATEGIES
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Figure 3. Observed macrophage signaling responses and proposed translational strategies. (A) Elevated culture glucose,
increased lactate, and enhanced TGF-B1-induced SMAD1/5 phosphorylation have been observed in primary human macrophages
[7,15]. Their causal sequence, persistence after withdrawal, and contribution to diabetic organ injury remain to be investigated.
Findings across tissue models should not be interpreted as proof of one shared mechanism [5,22,57]. (B) Macrophage targeting,
selective pathway modulation, and combined metabolic interventions are proposed strategies [16,57,85]. Neither branch
selectivity nor preservation of SMAD2/3 activity establishes superior efficacy, safety, or physiological repair. The metformin—
lactate—SMADI1/5 sequence can be an interesting future study direction.
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