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Diabetic kidney disease (DKD) is now the world’s leading cause of chronic kidney disease and end-
stage renal failure, burdening millions with disability and mortality. For decades, clinicians viewed
DKD mainly as a glomerular disorder, focusing on filtration barrier breakdown, microalbuminuria,
and podocyte loss. While these remain important, the scientific map has expanded in the last decade,
revealing that tubular epithelial cells and the innate immune complement system are not only passive
bystanders but active drivers—and sometimes even the earliest sensors—of progressive kidney
damage in diabetes. The interactions between hyperglycemia, metabolic stress, complement
activation, and maladaptive tubular epithelial biology now frame a new paradigm of DKD, one that
promises improved biomarker-guided care and novel therapeutic targets.

This chapter provides a comprehensive synthesis of complement cascade structure and function,
tubular epithelial cell physiology, and the sophisticated crosstalk between these elements under
diabetic conditions. It integrates latest research on molecular signaling, cellular injury, fibrosis
pathways, and clinical biomarker translation, and builds a vision for future kidney-protective strategy
that places the tubule-complement axis at the heart of prevention and therapy.

The Complement System: Guardian Turned Foe in Diabetes

The complement system is a cornerstone of the mammalian innate immune network. Comprising over
30 plasma and membrane-bound proteins, most manufactured by the liver and circulated in zymogen
form, it is designed to rapidly sense and eliminate invading pathogens, clear immune complexes, and
modulate sterile inflammation. Three major routes classically activate the cascade:

e The classical pathway, triggered by antigen-antibody complexes.

e The lectin pathway, activated by mannose-binding lectin recognizing foreign or altered self-
carbohydrates.

e The alternative pathway, a self-amplifying branch active at low levels to provide constant
immune surveillance, and rapidly upregulated under stress.

All converge on C3 convertase, which cleaves C3 into C3a and C3b. C3b tags surfaces for
phagocytosis (opsonization), while C3a (an anaphylatoxin) promotes chemotaxis. C5 convertase
formation splits C5 into C5a (a potent inflammatory mediator) and C5b, which nucleates the
membrane attack complex (MAC, or C5b-9). The MAC forms pores in cell membranes—destroying
microbes but also leading to lysis or sub-lethal injury of host cells when regulation fails.

To avoid bystander injury, a host of soluble (factor H, C1-inhibitor) and membrane-bound (CD46,
CD55, CD59) regulators restrain complement activity. Yet diabetes disrupts this regulation,

as hyperglycemia and advanced glycation end products (AGEs) alter cell surfaces, augmenting
complement deposition and minimizing local protective factors. Glycation of factor H itself, for

49



example, lowers its affinity for endothelium and the tubular epithelium, tipping the balance toward
immune-mediated tissue injury.

Tubular Epithelial Cells: Master Regulators and First Responders

Situated downstream of the glomerulus, the kidney’s tubular system processes an immense volume of
filtrate—over 180 liters per day in humans. Proximal tubular epithelial cells (PTECs) are
metabolically robust, packed with mitochondria to support ATP-intensive ion and solute transport,
including reclamation of nearly all filtered glucose, sodium, and essential amino acids. Their
physiology is highly adaptive, allowing rapid adjustment to hemodynamic, metabolic, and hormonal
cues.

However, the diabetic milieu creates an environment of sustained “danger signals” for these cells.
Chronic hyperglycemia, high filtered glucose, excess albumin and immunoglobulin from leaky
glomerular barriers, oxidative and ER stress, and increased sodium delivery continuously challenge
PTEC homeostasis. As hyperglycemia persists and filtration barrier function declines, tubular
handling of protein and macromolecules is overwhelmed. Albumin, for example, upon endocytosis by
PTEC:s, triggers NF-kB activation, upregulation of pro-inflammatory and pro-fibrotic cytokines
(MCP-1, TGF-B, IL-1pB), and even the local synthesis of complement components.

Once regarded only as hapless victims of upstream glomerular injury, modern evidence shows PTECs
to be intelligent sensors. They express a variety of pattern recognition receptors (PRRs), secrete
cytokines and chemokines, and coordinate crosstalk with immune, endothelial,

and neighboring tubular cells. Their role extends further: in diabetes, PTECs display altered
epigenetic and transcriptional programs, favoring cell cycle arrest, senescence, and maladaptive
repair.

Hyperglycemia-Driven Injury: The Tubular-Complement Nexus

Chronic hyperglycemia is the central conductor in DKD pathogenesis. It fuels a cascade of metabolic
disruptions: AGEs accumulate on proteins and cell surfaces; oxidative stress mounts via NADPH
oxidase induction and mitochondrial overload; the polyol pathway and protein kinase C

(PKC) signaling kick into overdrive, promoting vasoconstriction, ECM expansion, and inflammation.

In this setting, complement activation is doubly upregulated—by the direct effects of glycation
(increasing affinity for complement fragments), by metabolic by-products that directly activate the
alternative and lectin pathways, and by filtered immune complexes. Tubular epithelial cells, exposed
to high concentrations of both filtered complement proteins and locally synthesized fragments,
respond with upregulated expression of C3, C5, and MAC, further enhancing local tissue injury.

The results are both subtle and devastating. MAC does not always kill cells outright; rather, sub-lytic
MAC induces sustained calcium influx, mitochondrial depolarization, and a myriad of transcriptional
changes that erode cellular resilience over time. Persistent C3a and C5a signaling triggers monocyte
recruitment, amplifies NF-kB-driven cytokine release, and promotes the infiltration of pro-
inflammatory and pro-fibrotic macrophages.

Advanced Cellular Biology: Death, Survival, and Senescence

Tubular cells, facing relentless stress, are pushed to their bioenergetic limits. Initially, adaptive
responses—enhanced autophagy, metabolic re-routing—stave off death. But under sustained
hyperactivity, mitochondrial function declines. The result is a poisonous cocktail of increased ROS,
exhausted antioxidant reserves, impaired autophagic flux, and ultimately activation of cell death
programs.
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Three intertwined forms of cell demise dominate:

e Apoptosis: Programmed cell death with DNA fragmentation, cell shrinkage, and formation of
apoptotic bodies. Initiated by oxidative and ER stress, this process is exacerbated by C5a and
pro-inflammatory cytokines.

e Ferroptosis: A recently recognized, iron-dependent form of cell death marked by catastrophic
lipid peroxidation. It is increasingly implicated in DKD, with diabetic tubules showing
reduced GPX4 activity and increased lipid ROS.

e Pyroptosis: Inflammatory programmed death, driven by NLRP3 inflammasome activation,
caspase-1, and release of gasdermin D, promoting the violent ejection of cellular contents and
perpetuating inflammation locally.

Ultimately, repeated sublethal injury and attempted repair result in tubular cell cycle arrest and
senescence. Senescent cells produce a “secretome” rich in chemokines, cytokines, and profibrotic
mediators (the so-called SASP), recruiting yet more immune cells and fibroblasts and tipping the
tissue environment from adaptive to maladaptive regeneration.

Propagation to Interstitial Fibrosis: The Final Common Pathway

The transition from early, potentially reversible injury to irreversible fibrotic change is characterized
by the accumulation of extracellular matrix (ECM)—collagen types I, 111, IV; fibronectin; and
laminin—replacing healthy nephron units. TGF-/Smad and Wnt/B-catenin signaling, both
upregulated by sustained inflammation and complement activity, activate fibroblasts and pericytes
while dampening epithelial markers, promoting epithelial-mesenchymal transition (EMT).

This progression is not isolated. Crosstalk between injured tubules and peritubular capillaries
(endothelial cells) amplifies local hypoxia, while cytokine storms recruit additional immune effectors.
The result is precipitous nephron loss, microvascular rarefaction, and inexorable GFR decline.

Human pathology studies repeatedly show that the extent of tubulointerstitial fibrosis is a stronger
predictor of renal outcome than the severity of glomerular changes—a finding now accepted as
foundational in nephrology.

Clinical Biomarkers: From Research to Real World

Beyond biopsies, urine-based proteomics now provide windows into live, dynamic kidney injury.
Measurement of urinary complement split products (C3a, C5a, sMAC), tubular injury markers (KIM-
1, NGAL), and cell cycle arrest proteins (TIMP2-IGFBP7) have demonstrated predictive value for
both rapid GFR loss and therapeutic response. Large cohort studies show these profiles outperform
traditional markers such as albuminuria and serum creatinine in predicting both early and advanced
DKD progression.

As mass-spectrometry-driven technologies expand, multiplex urine panels combining complement
proteins, injury markers, and metabolic by-products promise earlier detection and a clearer window to
the tissue-level events at play in DKD.

Translational Therapeutics: The Future of Kidney Protection

A more holistic understanding of DKD biology is fueling the development of innovative therapies.
Clinical trials now test complement inhibitors—C5aR antagonists, C3 blockers, and MAC
disrupters—in proteinuric and nonproteinuric DKD. Additional approaches target senescence
pathways (e.g., small molecules interfering with p53/p21), ferroptosis (GPX4 agonists), autophagic
flux (mTOR inhibitors, AMPK activators), and mitochondrial integrity (SS-31, antioxidants).
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SGLT?2 inhibitors and non-steroidal mineralocorticoid receptor antagonists (e.g., finerenone) have
already established a transformative role in slowing DKD progression—Ilikely due, in part, to their
beneficial effects on oxidative stress, tubular workload, and inflammation. Novel GLP-1 receptor
agonists and incretin-based agents have shown promise in ameliorating DKD by

reducing hyperglycemia, systemic inflammation, and, indirectly, complement overactivation.

The ultimate frontier is personalized nephrology: monitoring urinary complement and tubular injury
markers in real time to select patients most likely to benefit from specific interventions, and adjusting
therapy as tissue dynamics evolve over time.

Conclusion:

In the 21st-century landscape of diabetes care, diabetic kidney disease emerges as a nexus of
metabolic, immunologic, and structural injury. While glomerular pathology remains its historical
signature, a convergence of clinical, experimental, and molecular evidence has

firmly established tubular epithelial biology and complement system dysregulation as coequal
architects of renal decline.

Hyperglycemia, acting through a myriad of metabolic harms—AGE accumulation, ROS
overproduction, PKC activation—sets in motion a chain reaction that not only disrupts glomerular
perceived inviolability but primes the entire kidney, and particularly the tubulointerstitial
compartment, for immune activation and maladaptive remodelling. The complement system, intended
for acute defense, becomes a double agent: inadequate regulation and persistent activation expose the
kidney's delicate tubular cells to chronic, sublethal injury, propagating cycles of ER stress, autophagy
inhibition, and mounting inflammation.

Tubular epithelial cells reveal themselves to be both profoundly vulnerable and remarkably capable—
sensing damage, amplifying local and systemic inflammatory signals, and, when pushed too far,
settling into a state of senescence from which fibrosis and irreversible nephron loss inexorably
progress. The crosstalk between complement-mediated injury and these maladaptive tubular responses
drives the clinical trajectory of DKD, explaining why aggressive management of proteinuria and
blood pressure alone is insufficient for many.

The future of DKD intervention is therefore multifaceted. Beyond glycemic and blood pressure
control, addressing the tubular-complement axis—by blocking complement activation, enhancing
autophagy, suppressing ferroptosis, and reversing senescence—offers tangible hope for altering the
inexorable course of DKD. Tissue and urine biomarker panels that reflect real-time tubulointerstitial
activity enable earlier detection, refined prognosis, and tailored intervention.

Crucially, this new paradigm democratizes care. By turning biomarker research into routine clinical
tools and designing therapies that target the root processes of injury—not just their downstream
manifestations—clinicians may finally begin to close the morbidity and mortality gap that DKD has
left across continents. As the scientific community continues to map this intricate cellular and
molecular dance, a new vision emerges: one in which the kidney tubule is neither shadow nor
afterthought, but the bright, beating heart of kidney health in diabetes.
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