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NRF2/AMPK AXIS IS REQUIRED FOR REDOX-MEDIATED PHASE RESETTING OF 
MUSCULOSKELETAL CLOCKS UPON ACUTE MECHANICAL LOADING
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In mammals, a multi-oscillator circadian system generates behavioural, metabolic 
and physiological ~24h rhythms, with tissue-specific physiological cues enabling lo-
cal circadian phase adjustments. Emerging work has shown musculoskeletal tissue 
homeostasis and mechanical responses to be under circadian control. Nuclear factor 
erythroid 2-related factor 2 (NRF2), a master regulator of the antioxidant response, is 
a clock-controlled target in several peripheral tissues and also modifies circadian gene 
expression and rhythmicity. However, the role of NRF2 in mechanical loading-induced 
changes in musculoskeletal tissues has yet to be elucidated. Wild-type (WT) and Nrf2 
KO mice of young (3-6m) or old age (18-20m) harbouring a PER2::luciferase clock re-
porter were subjected to acute mechanical joint loading of the right leg (peak load 
9N, 40 cycles of 10sec) during light phase whilst the contralateral (left) leg served as 
a non-loaded control. Musculoskeletal tissues were collected for analysis 4 hrs later. 
Real-time bioluminescence imaging of clock gene reporter activity, protein and mRNA 
levels of target markers, NRF2/ARE transactivation and genome-wide RNAseq analy-
ses were undertaken. We show that acute mechanical loading in WT mice led to a 
decrease in gene expression of key members in the negative and auxiliary feedback 
loops of the molecular clock, associated with the phase-resetting of PER2::luc protein 
oscillations in the skeletal muscle and a knee joint. This was accompanied by a sig-
nificant increase in the markers of oxidative burden as well as gene expression and 
protein abundance levels of antioxidant enzymes. Moreover, acute mechanical loading 
induced a significant activation of the redox-sensitive energy sensor, AMP-activated 
kinase (AMPK), known to be involved in molecular clock resetting. We thus examined 
whether the above acute mechanical responses were dependent on NRF2 activity. Nrf2 
KO mice showed an altered response to acute mechanical loading, characterized by 
blunted circadian resetting and antioxidant responses, and altered AMPK activation. 
Furthermore, dampened responses to acute mechanical signals were found in ageing 
WT mouse musculoskeletal tissues, whilst AMPK activator treatments in WT mice in-
duced circadian resetting and antioxidant responses in an NRF2-dependent manner. In 
conclusion, these data demonstrate that AMPK/NRF2 axis is required for relaying acute 
mechanical signals to the musculoskeletal system by controlling redox-mediated phase 
resetting of musculoskeletal clocks and antioxidant protection, which have important 
implications in understanding biomechanical mechanisms involved in musculoskeletal 
tissue maintenance in health and with ageing.




