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Fig.1 Schematic dlagram of neurociliary—mediated signaling mechanism
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kidney disease 1, Pkdl) % Z %& ' % & 1 2
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Fig.3 Causality—to—translation roadmap for cross—system primary cilia
B3 VMIRFEEZRSG " BAR-TH-%RH " BLEEE
LRI IR BAE R E S, B 12 A 5 Ca™ 5 AMP/PKASF L, JFIX MM ME L (RUL) . RGEHEDR
AT AL R YUK S AT BN S L B LA T B IR TR R B3R AL . PRI L T . 5B R G X - BN
). ZHAGESKIE (LIMC4R, 5-HT6, AC3 M) SCHHEEE (AMPK-FNE), JFLL “2OReFi i+t 17 ARk al b A5 i s
AT A BRI RN I AR . AR S o A PR SeA) U o B PR s AR R R AR R A
DL 37 DR SR e S0 S e . MC4R: BB K452 1K (melanocortin 4 receptor) ; 5-HT6: 5-F2 €4 iz 6852 & (5-hydroxytryptamine
receptor 6); AC3: JRITR¥ L3 (adenylate cyclase 3); cAMP: MBEERETT (3',5'-cyclic adenosine monophosphate) ; PKA: & A
(protein kinase A); AMPK: MR —BEERILIS HE i (adenosine monophosphate-activated protein kinase) .
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Table 1 Metabolic regulation of cilia

&1 FEHREEEER

RS WIFE B RS T E S5 30k
MERG HAEE S SEE U S a. W L AISSTR3 . MC4RZGPCRIATAC I 1 4% [20, 24]
b. Shhfi 5 fEMH 2 R A MR ZE 704 H (4 1
c. M 2 REA R -2T B Sl ] T My 28 1k
BN ARG BRI T AL EE 2R A URORI a. 3 2T B A AL [45, 47]

b. 20 2 41 Wnt/B-catenin AT 5 ¥ AH [ B4 Qi - U8 P (K L4 1

BWIERG A f 9 DI RO A P AT a. JRANIE S BT RO AMPKOFIR /5 2247 LA 5 4G [51, 56]
b. PI3PA S T2 B/ 310 A I
c. LFB AT FENE PO P I A B
BAGE SRS (NS ARG S BSR4 a. ABEAHI. L2 MREES [63-64]

b. AL . T EEAE I R SIS RGUE T ML
SSTR3: A KAMZEZ/A3%! (somatostatin receptor 3); MC4R: 27 i 24K Z (K (melanocortin 4 receptor) ; GPCR: GZE B ZIA (G
protein-coupled receptors) ; KLF4: Kriippel ¥ Kl T 4 (Kriippel-like factor 4) ; AMPK: R H — il B2 ¥4 7% A9 8 M #{ B (adenosine
monophosphate-activated protein kinase) ; PI3P: W§fISHEIIEE3#EH2 (phosphatidylinositol-3-phosphate)
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Abstract Primary cilia—those solitary, microtubule-based projections extending from the surface of most
eukaryotic cells—are increasingly recognized not merely as cellular appendages, but as sophisticated signaling
hubs. By compartmentalizing specific receptors (e.g., GPCRs) and effectors within a microdomain guarded by the
transition zone, these organelles function effectively as high-gain sensors capable of integrating mechanical
stimuli with metabolic cues. In this review, we examine the pivotal role of primary cilia across the nervous, bone-
vascular, and renal landscapes, arguing for a unified “mechano-metabolic coupling” framework. Here, conserved
ciliary modules are not static; rather, they are differentially deployed to uphold systemic homeostasis. Within the

central nervous system, we position primary cilia as upstream integrators. We highlight how hypothalamic
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neuronal cilia concentrate metabolic receptors, such as the melanocortin 4 receptor (MC4R), to interpret energy
status. Moreover, the recent identification of serotonergic “axon-cilium synapses” points to a direct mode of
neurotransmission, wherein 5-HT6 receptors drive nuclear signaling and chromatin accessibility to rapidly
modulate gene expression. Through these mechanisms, central cilia modulate sympathetic tone and
neuroendocrine output, effectively establishing the mechanical and metabolic “boundary conditions” under which
peripheral organs operate. Dysfunction in these central hubs is linked to obesity and neurodevelopmental
disorders, including Bardet-Biedl syndrome. In peripheral tissues, cilia serve as versatile mechanotransducers that
convert physical forces into biochemical responses. Regarding the bone-vascular system, we discuss the
translation of mechanical loads and fluid shear stress into structural remodeling. In osteoblasts, specifically, ciliary
integrity is intrinsically linked to cholesterol and glucose metabolism, fine-tuning the balance between Hedgehog
and Wnt/B-catenin signaling to govern osteogenesis and bone repair. A similar dynamic exists in the vasculature,
where endothelial cilia sense shear stress to modulate KLF4 expression and endothelial-to-mesenchymal transition
—processes critical for valvulogenesis and vascular remodeling. Meanwhile, in the kidney, tubular cilia act as
terminal effectors within a “shear-cilia-metabolism” axis. Here, fluid shear stress engages ciliary signaling to
trigger AMPK-mediated lipophagy and mitochondrial biogenesis, thereby securing the ATP supply required for
solute transport. Notably, dysregulation of this axis leads to metabolic reprogramming and aberrant proliferation,
acting as a hallmark driver of cystogenesis in polycystic kidney disease (PKD). Crucially, this review attempts to
dissect the often-conflated logic of cross-system integration by distinguishing 3 non-equivalent pathways: direct
communication via ciliary extracellular vesicles, though this remains largely hypothetical in long-range signaling;
“physiology-mediated cascades”, where ciliary dysfunction in a single organ—such as the kidney—precipitates
systemic pathology through hemodynamic and metabolic shifts (e. g., altered blood pressure, fluid volume, or
uremic toxins); and “parallel molecular defects”, where shared genetic mutations in ubiquitous components like
the IFT machinery cause simultaneous, independent failures across multiple organ systems. Building on these
distinctions, we propose a nested-loop model that links central set-points with peripheral feedback via
physiological variables. Furthermore, we construct a “causality-to-translation” roadmap that pinpoints structural
repair (e. g., targeting IFT assembly) and metabolic rescue (e. g., AMPK activation or autophagy induction) as
promising therapeutic avenues. Ultimately, this framework provides a theoretical basis for deciphering the shared
pathological mechanisms of multisystem ciliopathies, offering a strategic guide for the development of targeted

interventions that go beyond symptomatic treatment.
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