


















multifunctional adaptor protein26. LIMD1 directly interacts with
LATS1 kinase, which modulates YAP activity in macrophages after
PA and OA treatment. However, disruption of LIMD1 resulted in
reduced YAP activity in PA and OA-stimulated macrophages,
suggesting that LIMD1 is essential for YAP activation. Previous
reports have demonstrated that deletion of Foxo1 can restore
mitochondrial biogenesis27 and that PINK1 is a key player in
mitochondrial homeostasis under oxidative stress conditions28.
PINK1 deficiency induces a STING-dependent inflammatory
response29. Consistent with these results, we found that

macrophage Foxo1 deficiency reduced ROS production, promoted
PINK1, and inhibited STING activation in Foxo1M-KO macrophages
in response to fatty acid stimulation (Supplementary Fig. 6).
Moreover, we found that macrophage Foxo1 deficiency activated
PGC-1α but inhibited STING in response to fatty acid stimulation.
Indeed, as a transcriptional coactivator, PGC-1� is linked to
metabolic regulation, redox control, and inflammatory path-
ways30. Increased PGC-1α reduces oxidative stress and proin-
flammatory mediators in many metabolic disorders31.
Interestingly, fatty acid stimulation induced the interaction
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between YAP and the NICD in Foxo1-deficient macrophages.
Disruption of PGC-1α inhibited the interaction of YAP with the
NICD and increased STING activation. These results suggest that
macrophage Foxo1 signaling-mediated PGC-1α is crucial for
regulating the YAP–NICD axis-mediated STING activation during
HFD-induced oxidative stress.

The mechanisms underlying Foxo1-mediated regulation of the
YAP–NICD axis by selectively influencing the STING function in
steatotic livers were investigated. HFD feeding induced oxidative
stress and activated JNK, promoting the Hippo–YAP and
Notch1 signaling pathways, suggesting the importance of the
Hippo–YAP and Notch1 pathways in STING function. As expected,

Fig. 8 The Foxo1–YAP axis modulates STING-mediated liver inflammation and steatosis in HFD-induced NASH. a Representative
histological staining (H&E and Oil Red O) showing that the Foxo1M-KO mice exhibited decreased lipid accumulation, whereas the Foxo1/YAPM-DKO

mice exhibited increased hepatic steatosis after 24 weeks of HFD feeding (n= 6 mice/group). Scale bars, 100 μm. b The NAS (NAFLD activity score)
based on histological images was measured and found to be significantly increased in the Foxo1/YAPM-DKO group (n= 6 mice/group). c The liver/
body weight ratios were significantly greater in the Foxo1/YAPM-DKO mice (n= 6 samples/group). d The TG and TC levels (mg/g) were significantly
increased in the Foxo1/YAPM-DKO mice (n= 6 samples/group). e The Foxo1/YAPM-DKO mice exhibited significantly increased serum ALT and AST
levels (IU/L) (n= 6 samples/group). f Representative immunofluorescence and immunohistochemistry images (α-SMA and Masson) showing
significantly increased liver fibrosis in the Foxo1/YAPM-DKO livers (n= 6 mice/group). Scale bars, 100 μm. g Quantitative RT‒PCR analysis showed
that Foxo1/YAPM-DKO increased cGAS, p-STING, p-TBK1, and p-P65 expression in steatotic livers (n= 6 samples/group). h Western blot analysis
revealed that Foxo1/YAPM-DKO increased cGAS, p-STING, p-TBK1, and p-P65 expression and increased nuclear PGC-1α, LIMD1, and NICD expression
in steatotic livers. The data are representative of three experiments. i Immunofluorescence staining showed increased CD11b+ macrophage
accumulation in ischemic livers (n= 6 mice/group). Quantification of CD11b+ macrophages; scale bars, 100 μm. j The mRNA levels of TNF-α, IL-1β,
IL-6, and CXCL-10 were increased, and the IL-10 level was decreased in the steatotic Foxo1/YAPM-DKO livers (n= 6 samples/group). Notes: Foxo1/
YAPM-DKO exacerbates STING-mediated liver inflammation, steatosis, and fibrosis in mice with HFD-induced NASH. All the data are presented as the
mean±SD. Statistical analysis was performed using the permutation t test. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 7 YAP is required for macrophage Foxo1-mediated immune regulation of STING function in lipotoxicity-induced mitochondrial
oxidative stress. BMMs were isolated from Foxo1M-KO mice, transfected with CRISPR/Cas9-mediated YAP knockout (p-CRISPR-YAP KO) or
control vector, and then cocultured with primary hepatocytes after incubation with a 0.2 mM palmitic acid (PA) and 0.4 mM oleic acid (OA)
mixture for 24 h. a CRISPR/Cas9-mediated YAP knockout augmented the expression of cGAS, p-STING, p-TBK1, and p-P65 in the PA-stimulated
macrophages. The data are representative of three experiments. b The mRNA levels of IL-6, TNF-α, CCL2, and IL-β were elevated in the PA- and
OA-stimulated Foxo1M-KO macrophages. c ELISA analysis revealed that HMGB1 release was markedly increased in the p-CRISPR-YAP-KO cells
but not in the control cells (n= 4 samples/group). d Immunofluorescence staining for ROS production showed that p-CRISPR-YAP KO in
Foxo1M-KO macrophages increased ROS production in hepatocytes after coculture and exposure to PA/OA (n= 4 samples/group).
Quantification of ROS-producing macrophages (green). Scale bars, 100 μm. e The expression of TFAM, COX-1, and UCP3 was diminished in
hepatocytes after coculture with p-CRISPR-YAP KO-transfected Foxo1M-KO macrophages. The data are representative of three experiments.
f Quantitative RT‒PCR analysis revealed that p-CRISPR-YAP KO reduced mtDNA levels in hepatocytes after coculture with p-CRISPR-YAP KO or
control vector-transfected macrophages (n= 4 samples/group). Notes: YAP deletion in Foxo1M-KO macrophages increased ROS production and
reduced TFAM, Cox-1, UCP3, and mtDNA levels related to mitochondrial biogenesis in hepatocytes after coculture following PA/OA challenge.
g Oil Red O staining revealed increased intracellular lipids in hepatocytes after coculture with the p-CRISPR-YAP-KO or control vector-
transfected macrophages (n= 4 samples/group). Scale bars, 100 μm. All the data are presented as the mean±SD. Statistical analysis was
performed using the permutation t test. *P < 0.05, **P< 0.01, ***P < 0.001.
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our in vitro study revealed that macrophage YAP and NICD
colocalized in the nucleus and increased the nuclear expression of
YAP and NICD in response to PA and OA stimulation. Notably, the
NICD interacted with YAP via direct binding. Thus, we speculate
that the YAP–NICD interaction is essential for the modulation of
STING function in NASH progression. This finding was further
supported by the ChIP and ChIP-sequencing data, which showed
that NICD colocalized with YAP on the promoter of cGAS,
indicating that cGAS is a target gene of the NICD regulated by
the YAP and NICD complex. Moreover, in a macrophage/
hepatocyte or HSC coculture system, fatty acid stimulation
activated the macrophage cGAS-STING pathway. Disruption of
cGAS reduced STING-mediated inflammatory responses, lipid
accumulation, and fibrogenic gene expression. These results
suggest that the YAP–NICD axis modulates liver inflammation,
steatosis, and fibrosis by targeting the cGAS-STING pathway
in NASH.
We demonstrated that PA- and OA-induced oxidative stress

activated the Hippo–YAP pathway in macrophages. Disruption of
YAP increases the innate immune response, whereas activation of
YAP orchestrates the immunosuppressive response following
tissue injury17,18. Consistent with these findings, YAP deficiency
promoted cGAS/STING activation and inflammatory responses
upon exposure to PA/OA challenge. Notably, macrophage YAP
deficiency increased HMGB1 release and augmented hepatocyte
ROS production after fatty acid stimulation. Indeed, HMGB1 is a
widely expressed protein that acts as a danger signal in triggering
oxidative stress32. Increased ROS production induces mitochondrial
dysfunction, particularly mtDNA damage33. We found that disrup-
tion of macrophage YAP reduced hepatocyte mtDNA levels after
coculture in response to PA and OA stimulation. As a transcription
factor, TFAM is crucial for activating mitochondrial DNA transcrip-
tion and biogenesis34. Moreover, TFAM regulates lipid metabolism
and confers protection against HFD-induced obesity35. Our current
study revealed that deletion of macrophage YAP diminished TFAM
expression and was accompanied by increased fatty acid-induced
lipid accumulation in hepatocytes. These findings indicate that
macrophage YAP is essential for modulating STING-mediated
inflammation, lipid metabolism, and mitochondrial biogenesis.
Notably, YAP was revealed to act as a transcriptional coactivator

of the NICD in macrophage Foxo1-mediated immune regulation of
cGAS/STING function during NASH progression. Deletion of YAP in
the Foxo1M-KO mice exacerbated HFD-induced hepatic steatosis,
fibrosis, and inflammation and increased cGAS-STING-mediated
innate immune responses. Indeed, long-term HFD feeding increased
oxidative stress and induced mitochondrial dysfunction, leading to
mtDNA release and the induction of the cGAS-STING-mediated
innate immune signaling cascade. The YAP–NICD interaction
modulates STING function, suggesting that the YAP–NICD axis is
essential for regulating liver inflammation and lipid metabolism. Our
previous studies demonstrated the importance of Notch1 signaling
in regulating TLR4- or NLRP3-driven inflammatory responses20,36.
Indeed, Notch signaling is activated by dual proteolytic cleavage,
which releases its intracellular domain (NICD), which binds to the
nuclear recombinant recognition sequence binding protein at the Jκ
site (RBP-J) to induce the expression of Notch target genes37.
Consistent with these findings, our results showed that disruption of
Notch1 signaling in Foxo1-deficient livers increased cGAS and STING
activation, leading to exacerbated hepatic steatosis, fibrosis, and
inflammation. Therefore, our findings revealed the key role of the
YAP–NICD axis in modulating the cGAS-STING innate immune
pathway during NASH development.
In conclusion, we identified a previously unrecognized role of

the macrophage Foxo1–YAP–NICD axis in controlling STING-
mediated innate immune responses in steatotic livers. The
functional interplay between the Hippo–YAP pathway and
Notch1 signaling is crucial for regulating STING function in NASH
progression, suggesting potential therapeutic targets for NASH.
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