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Beijing, China

Silent information regulator two homolog 1 (SIRT1), an NAD + -dependent
histone deacetylase, plays a pivotal regulatory role in a myriad of physiological
processes. A growing body of evidence suggests that SIRT1 can exert protective
effects in metabolic disorders and neurodegenerative diseases by inhibiting
endoplasmic reticulum (ER) stress and the nuclear factor-kB (NF-xB)
inflammatory signaling pathway. This review systematically elucidates the
molecular mechanisms and biological significance of SIRT1 in regulating ER
stress and the NF-xB pathway. On one hand, SIRT1 can deacetylate key
molecules in the ER stress pathway, such as glucose-regulated protein 78
(GRP78), X-box binding protein 1 (XBP1), PKR-like ER kinase (PERK), inositol-
requiring enzyme la (IREla), and activating transcription factor 6 (ATF6), thereby
alleviating ER stress. On the other hand, SIRT1 can directly or indirectly remove
the acetylation modification of the NF-kB p65 subunit, inhibiting its
transcriptional activity and thus attenuating inflammatory responses. Through
these mechanisms, SIRT1 can ameliorate insulin resistance in metabolic diseases,
exert cardioprotective effects in ischemia-reperfusion injury, and reduce
neuronal damage in neurodegenerative diseases. However, it is important to
note that while these findings are promising, the complex nature of the biological
systems involved warrants further investigation to fully unravel the intricacies of
SIRT1's regulatory mechanisms. Nevertheless, understanding the regulatory
mechanisms of SIRT1 on ER stress and the NF-kB pathway is of great
significance for expanding our knowledge of the pathogenesis of related
diseases and exploring new preventive and therapeutic strategies targeting SIRT1.

SIRT1, endoplasmic reticulum stress, nuclear factor-kB, deacetylation, metabolic
diseases, neurodegenerative diseases

1 Introduction

SIRT1, a prominent member of the mammalian sirtuins family, is an NAD +
-dependent histone deacetylase that widely participates in the epigenetic regulation of
various biological processes, such as cellular stress, metabolism, and inflammation
(Chalkiadaki and Guarente, 2015).

SIRT1 can remove acetyl groups directly from histones and a number of non-histone
substrates, thus modulating gene expression and protein function (Chang and Guarente,
2014). Tt is worth noting that numerous studies have revealed the critical protective role of
SIRT1 in the pathological processes such as metabolic diseases and neurodegenerative
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diseases which is mainly due to its inhibition of ER stress and the
NF-kB inflammatory pathway (Prola et al., 2017). On the other
hand, the intricacy of the biological processes involved and the
possibility of confounding factors requires a careful interpretation of
these results.

The endoplasmic reticulum (ER) is a vital organelle where
proteins are synthesized, folded, and matured before they are
secreted or inserted into the cell membrane. ER stress is a
condition when the ER protein folding capability is overwhelmed
causing the accumulation of the unfolded or misfolded proteins in
the ER lumen (Hetz and Papa, 2018). This can be caused by various
physiological and pathological factors, including nutrient
deprivation, oxidative stress, calcium imbalance, and genetic
mutations affecting protein folding (Cybulsky, 2017).

To cope with ER stress, cells activate the unfolded protein
response (UPR), an adaptive signaling cascade aimed at restoring
ER homeostasis. The UPR is mediated by three main sensors located
on the ER membrane: PKR-like ER kinase (PERK), inositol-
requiring enzyme la (IREla), and activating transcription factor
6 (ATF6) (Hetz and Papa, 2018). Under normal conditions, these
sensors are kept inactive by binding to the ER chaperone glucose-
regulated protein 78 (GRP78). However, during ER stress,
GRP78 dissociates from the sensors to assist in protein folding,
leading to their activation and the initiation of downstream signaling
cascades (Cybulsky, 2017).

The UPR aims to alleviate ER stress through several
mechanisms, including reducing protein synthesis, enhancing ER
folding capacity, and promoting the degradation of misfolded
proteins via the ER-associated degradation (ERAD) pathway.
However, if ER stress persists and cannot be resolved, the UPR
can trigger apoptotic cell death (Hetz and Papa, 2018). Chronic ER
stress has been implicated in the pathogenesis of various diseases,
such as metabolic disorders, neurodegenerative diseases, and cancer
(Cybulsky, 2017).

Moreover, there is a complex interplay between ER stress and
inflammation. ER stress can activate inflammatory signaling
pathways, such as the
mechanisms. For example, IREla can recruit the adaptor protein

NF-kB pathway, through various
tumor necrosis factor receptor-associated factor 2 (TRAF2) and
activate the IxB kinase (IKK) complex, leading to NF-kB activation
(Zhang and Kaufman, 2008). Additionally, PERK-mediated
phosphorylation of eukaryotic translation initiation factor 2a
(eIF2a) can lead to the preferential translation of activating
transcription factor 4 (ATF4), which can induce the expression
of pro-inflammatory cytokines (Zhang and Kaufman, 2008).
Conversely, inflammation can also exacerbate ER stress, creating
a vicious cycle that contributes to the progression of various diseases
(Zhang and Kaufman, 2008; Cybulsky, 2017).

Given the critical role of ER stress in cellular homeostasis and
disease pathogenesis, understanding the regulatory mechanisms that
modulate the UPR and its crosstalk with inflammatory signaling
pathways is of great importance. In this context, SIRT1 has emerged
as a key player in the regulation of ER stress and inflammation (Prola
etal, 2017). However, the precise mechanisms by which SIRT1 exerts its
protective effects and the potential therapeutic implications of targeting
SIRT1 in ER stress-related diseases remain to be fully elucidated.

As a key transcription factor involved in innate and adaptive
immunity, NF-kB plays a central role in inflammatory responses,
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metabolic regulation, and cell proliferation. Persistent abnormal
activation of NF-kB can cause chronic inflammation and tissue
damage, which is a critical step in the development of many
diseases (Lawrence, 2009). Therefore, inhibiting excessive ER stress
and NF-kB activation may provide new entry points for the
prevention and treatment of related diseases. Interestingly,
SIRT1 has been shown to exert significant protective effects in
multiple disease models by negatively regulating ER stress and the
NF-kB pathway (Figure 1) (Prola et al, 2017). However, the
enthusiasm surrounding these findings must be tempered by the
recognition that the biological systems involved are highly complex,
and the potential for unintended consequences cannot be overlooked.
This review will focus on the recent advances in the molecular
mechanisms and biological significance of SIRT1 in regulating ER
stress and the NF-kB pathway, while also critically examining the
limitations and uncertainties in the current knowledge.

2 Regulatory mechanisms of SIRT1 on
ER stress

2.1 SIRT1 deacetylates GRP78 to enhance its
binding to ER stress sensors

Glucose-regulated protein 78 (GRP78) is a classic marker of ER
stress and an important ER chaperone protein. Under non-stress
conditions, GRP78 binds to the three ER stress sensors, namely,
PKR-like ER kinase (PERK), inositol-requiring enzyme la (IREla),
and activating transcription factor 6 (ATF6), on the ER lumen side,
keeping them in an inactive state. When ER stress occurs, the
accumulated unfolded proteins competitively bind to GRP78,
leading to its dissociation from the stress sensors, thereby
activating the UPR (Ibrahim et al, 2019). Studies have shown
that in hepatocytes and cardiomyocytes, SIRT1 can bind to and
directly deacetylate GRP78, thereby enhancing its affinity for stress
sensors and inhibiting the activation of ER stress sensors (Wang
etal, 2011). When SIRT1 is knocked down, ER stress is aggravated
in the liver of diabetic mice, accompanied by increased acetylation
levels of GRP78. These findings suggest that SIRT1 can inhibit the
excessive activation of the three UPR pathways by deacetylating
GRP78, thereby alleviating ER stress. However, the precise
by which SIRT1-mediated deacetylation of
GRP78 enhances its binding to ER stress sensors remain to be
fully elucidated.

mechanisms

2.2 SIRT1 deacetylates IREla to inhibit
XBP1 splicing

As one of the three major ER stress sensors, IREla possesses
both serine/threonine kinase and endoribonuclease activities.
During ER stress, GRP78 dissociates from IREla, which then
undergoes  oligomerization and  autophosphorylation. Its
endoribonuclease domain is activated and selectively splices
X-box (XBP1) mRNA,

transcriptionally active XBPls, which in turn initiates the

binding protein 1 producing

expression of downstream UPR-related genes (Calfon et al,
2002). Research has revealed that SIRT1 can directly bind to and
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Schematic representation of the regulatory mechanisms of SIRT1 on ER stress and NF-«B signaling pathways. (A) SIRT1 enhances the binding of
GRP78 (BiP) to misfolded proteins, facilitating their recognition and dissociation from ER stress sensors (PERK, IRE1, and ATF6). SIRT1 also deacetylates
elF2q, IREL, and XBP1s, modulating their activities in the UPR pathways. (B) SIRT1 deacetylates the NF-xB p65 subunit (RelA) directly and indirectly through
p300, inhibiting NF-kB transcriptional activity. SIRT1 also activates AMPK, which inhibits IKK and NF-xB signaling. Additionally, SIRT1 upregulates the
expression of the anti-inflammatory cytokine IL-10, forming a negative feedback loop to suppress NF-kB activity.

specifically deacetylate IRE1a at lysine 599 (K599) (Yao et al., 2010).
This residue is located in the RNase domain of IREla, and its
acetylation modification can enhance the endoribonuclease activity
of IREla. Therefore, SIRT1 inhibits the splicing and activation of
XBP1 by removing the acetyl group at K599, thereby attenuating the
excessive activation of the IREla-XBP1 signaling pathway.
Knockdown of SIRT1 can lead to increased acetylation levels of
IREla and enhanced XBP1 splicing (Yao et al., 2010). This suggests
that SIRT1 can selectively inhibit the IREla-XBP1 branch by
deacetylating IREla, finely regulating the ER stress response at
the IREla level. However, the biological significance of this
selective regulation and its potential implications for disease
pathogenesis remain to be clarified.

2.3 SIRT1 deacetylates elF2a to inhibit
protein synthesis

PERK is another important ER stress sensor that can undergo
oligomerization and autophosphorylation during stress and
specifically phosphorylate its downstream substrate, eukaryotic
translation initiation factor 2a (elF2a), leading to a general
reduction in protein synthesis to alleviate the protein load on the
ER (Harding et al., 2000). Studies have revealed that SIRT1 can
mediate the deacetylation of elF2a, thereby affecting the PERK-
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elF2a signaling pathway (Wang et al, 2012). The acetylation
modification of eIF2a can promote its phosphorylation and
PERK signaling, SIRT1 inhibit its
phosphorylation level by removing the acetyl groups from eIF2aq,

enhance while can
antagonizing the suppression of protein synthesis to a certain extent,
thereby alleviating ER stress (Wang et al., 2012). However, the
functional consequences of this regulation and its potential impact
on cellular homeostasis and disease progression require further

investigation.

2.4 SIRT1 deacetylates XBP1 to enhance its
transcriptional activity

In addition to the IREla-XBP1 pathway, ATF6 can also be
activated during ER stress, initiating the transcription of
downstream  molecular  chaperones and  ER-associated
degradation (ERAD) components. Research has shown that
SIRT1 can bind to and directly deacetylate spliced XBP1
(XBP1s), thereby enhancing the transcriptional activity of XBP1s
(Koga etal., 2015). Overexpression of SIRT1 can upregulate multiple
target genes of XBPls, including molecular chaperones such as
GRP78 and protein disulfide isomerase (PDI), as well as ERAD
components such as ER degradation-enhancing a-mannosidase-like

protein (EDEM) and Derlin-2 (Koga et al,, 2015). These gene
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TABLE 1 SIRT1-mediated deacetylation of key molecules in the ER stress pathway and their biological effects.

ER stress
molecule

SIRT1 deacetylation site

Biological effects

10.3389/fcell.2024.1405546

References

GRP78 To be determined Enhances GRP78 binding to ER stress sensors, inhibits UPR Wangetal. (2011)

IREla K599 Inhibits IRE1a endoribonuclease activity, suppresses XBP1 splicing Yao et al. (2010)

elF2a To be determined Inhibits eIF2a phosphorylation, antagonizes protein synthesis suppression Wang et al. (2012)

XBP1s To be determined Enhances XBP1s transcriptional activity, upregulates molecular chaperones and Koga et al. (2015)
ERAD components

TABLE 2 SIRT1-mediated regulatory mechanisms of the NF-kB inflammatory signaling pathway.

Regulatory

mechanism

SIRT1 target

Biological effects

References

Direct deacetylation

NF-kB p65 subunit

Inhibits p65 transcriptional activity

Chen et al. (2002), Yeung et al. (2004)

K310
Indirect deacetylation p300 Inhibits p300 activity, thereby reducing p65 acetylation Thompson et al. (2004), Liu et al. (2012)
Activation of AMPK pathway =~ AMPK Inhibits IKKp activity, suppresses NF-kB activation Canto et al. (2009), Yoshizaki et al. (2009), Bess

Induction of IL-10 expression
H4K16

Histone H3K9 and

inhibition of NF-xB

TABLE 3 Protective effects of SIRT1 in diseases and their mechanisms.

Disease type

SIRT1 protective effects

Upregulates anti-inflammatory cytokine IL-10, negative feedback

Potential
mechanisms

et al. (2011)

Li et al. (2013), Zhang et al. (2020)

References

Metabolic diseases (e.g., obesity, type
2 diabetes)

Myocardial ischemia-reperfusion injury

Neurodegenerative diseases (e.g.,
Alzheimer’s disease, Parkinson’s disease)

Inflammatory diseases (e.g., rheumatoid

Improves insulin resistance, reduces
inflammation

Reduces cardiomyocyte apoptosis, improves
cardiac function

Reduces protein aggregation and
neuroinflammation, provides neuroprotection

Reduces tissue inflammation and damage

Inhibits ER stress, improves
metabolic homeostasis

Inhibits ER stress-dependent
apoptotic pathways

Inhibits ER stress and NF-kB
pathway

Inhibits ER stress and NF-kB

Hotamisligil (2010), Li et al. (2011), Liu et al.
(2014)

Thuerauf et al. (2006), Groenendyk et al.
(2013), Guo et al. (2015), Zhang et al. (2017)

Julien et al. (2009), Min et al. (2010),
Donmez et al. (2012), Huang and Mucke
(2012)

Zhang et al. (2009), Niederer et al. (2011),

arthritis, inflammatory bowel disease)

products can improve the folding capacity of the ER and accelerate
the clearance of unfolded proteins, thereby alleviating ER stress.
Thus, SIRT1 exerts another pathway to alleviate ER stress by
deacetylating XBP1s. However, the physiological relevance of this
regulation and its potential impact on cellular adaptation to ER
stress remain to be elucidated.

In summary, SIRT1 can synergistically inhibit ER stress at
different
deacetylating key molecules in the ER stress pathway, such as
GRP78, IREla, elF2a, and XBPls (Table 1). Decreased
expression or activity of SIRT1 can weaken its protective
effects against ER stress, leading to excessive activation of the

levels and through multiple mechanisms by

UPR and increased cell apoptosis. Therefore, SIRT1 activators
may exert therapeutic effects in various disease states by
inhibiting abnormal ER stress. However, the complex nature
of the ER stress response and the potential for compensatory
mechanisms necessitate a cautious approach in targeting
SIRT1 for therapeutic intervention.
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pathway Caruso et al. (2014)

3 Inhibitory effects of SIRT1 on the NF-
kB inflammatory pathway

3.1 SIRT1 directly deacetylates the NF-xB
p65 subunit to inhibit its
transcriptional activity

In addition to regulating ER stress, SIRT1 can also directly
inhibit the NF-kB inflammatory signaling pathway through various
mechanisms. Studies have first discovered that SIRT1 can directly
bind to the NF-kB p65 subunit and specifically remove the
acetylation modification at lysine 310 (K310), thereby inhibiting
the transcriptional activity of p65 (Yeung et al, 2004). The
acetylation of p65at K310 can enhance its DNA binding ability,
which is essential for the transcriptional activation of NF-kB (Chen
et al, 2002). SIRT1 gene knockout cells and SIRT1 inhibitor
treatment can both lead to increased acetylation levels of p65 and
enhanced NF-kB  target while

expression  of genes,
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SIRT1 overexpression or SIRT1 activators can inhibit the
activity of NF-«B 2004).
Furthermore, in vascular endothelial cells, SIRT1 can inhibit the

transcriptional (Yeung et al,
acetylation of p65 and the expression of adhesion molecules such as
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) induced by tumor necrosis
factor a (TNFa) (Lee et al, 2008). These findings indicate that
the deacetylation of p65 is an important mechanism by which
SIRT1 inhibits the NF-«kB signaling pathway. However, the
biological significance of this regulation in the context of specific
inflammatory diseases requires further clarification.

3.2 SIRT1 indirectly inhibits p65 acetylation
by deacetylating p300

In addition to directly removing the acetylation modification of
p65, SIRT1 can also indirectly inhibit NF-xB activity by
deacetylating p300 (Liu et al, 2012). p300 is a histone
acetyltransferase that can catalyze histone acetylation and initiate
gene transcription, and it is also an acetyltransferase for NF-«xB p65.
Interestingly, the acetyltransferase activity of p300 itself is also
regulated by acetylation modification, and the acetylation of
specific lysine residues can enhance the enzymatic activity of
p300 (Thompson et al, 2004). Studies have found that
SIRT1 can directly bind to and deacetylate p300, thereby
inhibiting the acetyltransferase activity of p300 and reducing the
acetylation modification of p65 (Liu et al., 2012). In the brain and
liver tissues of mice treated with SIRT1 inhibitors, increased
acetylation levels of p300 and p65 and enhanced expression of
NEF-kB inflammatory genes can be observed (Liu et al., 2012). This
reveals the cascading regulatory mechanism by which
SIRT1 indirectly attenuates p65 acetylation by deacetylating p300.
However, the physiological relevance of this indirect regulation and
its potential implications for inflammatory responses in vivo remain
to be elucidated.

3.3 SIRT1 inhibits the IKKB/NF-«xB
inflammatory signaling by activating AMPK

In addition to directly or indirectly removing the acetylation
modification of NF-«kB p65, SIRT1 can also inhibit the upstream
kinase of NF-kB, IkB kinase 8 (IKKp), by activating AMP-activated
protein kinase (AMPK). AMPK is a key regulator of cellular energy
metabolism, and its activity can be enhanced by SIRT1-mediated
deacetylation (Canto et al,, 2009). Activated AMPK can inhibit the
activity of IKKp, reduce the degradation of IkBa, and thereby inhibit
the nuclear translocation of p65 and NF-kB-mediated transcription
(Bess et al., 2011). In the liver and adipose tissues of obese mice,
decreased SIRT1 expression is accompanied by suppressed AMPK
activity and activated NF-kB signaling pathway (Yoshizaki et al.,
2009). Administration of the SIRT1 activator resveratrol can restore
the phosphorylation level of AMPK, inhibit the IKKP/NF-kB
pathway, and thus improve insulin resistance (Yoshizaki et al,
2009). These findings suggest that the activation of the SIRT1/
AMPK pathway can inhibit the inflammatory signaling of NF-kB at
the upstream level and exert anti-inflammatory protective effects.
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However, the precise mechanisms by which SIRT1 activates AMPK
and the potential for tissue-specific regulation remain to be fully
elucidated.

3.4 SIRT1 negatively regulates the NF-xB
inflammatory response by upregulating
IL-10

In addition to directly or indirectly inhibiting NF-«xB activity,
SIRT1 can also exert anti-inflammatory effects by inducing the
expression of the anti-inflammatory cytokine interleukin-10 (IL-
10). Studies have found that in macrophages, SIRT1 can be recruited
to the promoter region of IL-10 and upregulate IL-10 transcription
by deacetylating histone H3K9 and H4K16 (Zhang et al., 2020). IL-
10 can inhibit the NF-kB inflammatory signaling pathway, forming
a negative feedback regulation. Overexpression of SIRT1 can
significantly increase IL-10 secretion in lipopolysaccharide (LPS)-
stimulated macrophages and reduce the production of inflammatory
cytokines such as TNFa and interleukin-6 (IL-6), while knockout of
SIRT1 leads to decreased IL-10 levels and exacerbated inflammatory
responses (Zhang et al., 2020). Furthermore, in a mouse model of
sepsis, the SIRT1 activator resveratrol can alleviate inflammatory
responses and organ damage by upregulating IL-10 expression,
suggesting that SIRT1-induced IL-10 can significantly antagonize
the inflammatorycascade amplification mediated by NF-«B (Li et al.,
2013). However, the biological significance of this negative feedback
regulation in the context of specific inflammatory diseases and the
potential for therapeutic targeting of the SIRT1-IL-10 axis remain to
be explored.

In summary, SIRT1 can negatively regulate the NF-kB
inflammatory signaling pathway through various mechanisms,
including directly removing the acetylation modification of the
p65 subunit, indirectly inhibiting p65 acetylation by deacetylating
p300, activating the AMPK pathway to inhibit the upstream kinase
IKKB of NF-kB, and negatively regulating NF-kB activity by
upregulating the anti-inflammatory cytokine IL-10 (Table 2). The
inhibitory effects of SIRT1 on the NF-kB signaling pathway can
significantly alleviate chronic inflammatory responses in tissues and
exert important protective effects in metabolic diseases such as
insulin resistance and atherosclerosis, as well as in inflammation-
related diseases. However, the complex nature of inflammatory
responses and the potential for compensatory mechanisms
highlight the need for further research to fully elucidate the
therapeutic potential of targeting SIRT1 in these contexts.

4 Biological significance of
SIRT1 regulation on ER stress and the
NF-xB pathway

4.1 SIRT1 improves metabolic diseases by
inhibiting ER stress

The occurrence and development of metabolic diseases such as
obesity and type 2 diabetes are closely related to ER stress. Chronic
ER stress is widespread in metabolic tissues such as adipocytes,
hepatocytes, and pancreatic B cells, leading to increased insulin
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resistance, inflammatory responses, and cell apoptosis (Hotamisligil,
2010). Studies have shown that in obesity and type 2 diabetes
models, SIRT1 expression and activity are significantly decreased,
accompanied by a significant increase in ER stress (Liu et al., 2014).
Overexpression of SIRT1 or administration of SIRT1 activators can
improve insulin sensitivity and glucose homeostasis, reduce
inflammatory responses in adipose tissue and liver, and exert
metabolic protective effects by inhibiting ER stress (Li et al,
2011). These studies suggest that SIRT1 can play an important
therapeutic role in metabolic diseases such as obesity and type
2 diabetes by suppressing chronic ER stress. However, the long-
term efficacy and safety of targeting SIRT1 in these diseases require
further evaluation in clinical studies.

4.2 SIRT1 alleviates myocardial ischemia-
reperfusion injury by inhibiting ER stress

Myocardial ischemia-reperfusion injury is an exacerbation of
tissue damage that occurs when blood flow is restored after
myocardial infarction, and its pathological mechanisms involve
multiple factors such as oxidative stress, calcium overload, and
ER stress (Groenendyk et al., 2013). Studies have found that ER
stress is significantly activated during myocardial ischemia-
reperfusion, causing cardiomyocyte apoptosis and aggravating
myocardial dysfunction (Thuerauf et al, 2006). Activation of
SIRT1 can alleviate myocardial ischemia-reperfusion injury by
inhibiting ER stress-dependent apoptotic pathways (Guo et al,
2015). Furthermore, SIRT1 can also promote ER calcium
homeostasis by upregulating key molecules such as sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA), thereby exerting
cardioprotective effects in myocardial ischemia-reperfusion injury
(Zhang et al., 2017). However, the translational potential of these
findings and the optimal strategies for targeting SIRT1 in the context
of myocardial ischemia-reperfusion injury remain to be determined.

4.3 SIRT1 alleviates neurodegenerative
pathology by inhibiting ER stress and the NF-
kB pathway

The pathogenesis of neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease is complex, involving
multiple pathological processes such as neuronal protein misfolding,
mitochondrial dysfunction, and chronic inflammation, with ER
stress and NF-xB inflammatory responses playing key roles
(Huang and Mucke, 2012). Studies have shown that in the brain
tissues of Alzheimer’s disease patients and animal models,
SIRT1
accompanied by pathological changes such as P-amyloid (Ap)

expression and activity are significantly reduced,
aggregation, tau protein hyperphosphorylation, and exacerbated
neuroinflammation (Julien et al, 2009). Overexpression of
SIRT1 or administration of SIRT1 activators can alleviate AP
aggregation and tau protein phosphorylation and exert significant
neuroprotective effects by inhibiting ER stress and the NF-«B
(Min et al, 2010).

Parkinson’s disease animal models, SIRT1 can also improve the

inflammatory pathway Similarly, in

survival of dopaminergic neurons and motor function by inhibiting
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ER stress and neuroinflammatory responses induced by a-synuclein
aggregation (Donmez et al., 2012). These studies demonstrate that
SIRT1 exerts neuroprotective effects in various neurodegenerative
diseases by coordinately regulating ER stress and the NF-kB
pathway. However, the complex etiology and progressive nature
of neurodegenerative diseases pose significant challenges for the
development of effective therapies targeting SIRT1.

4.4 SIRT1 alleviates inflammatory diseases by
inhibiting ER stress and the NF-xB pathway

Inflammatory reaction and tissue damage are the issue of many
chronic diseases with ER stress and NF-kB pathway being the ones
that are primarily responsible for the exacerbation of the
inflammatory chain reaction. Research has determined that
SIRT1 expression and activity are down in patients with chronic
inflammatory diseases such as rheumatoid arthritis and
inflammatory bowel disease, which are associated with the long-
term activation of ER stress and the NF-kB signaling pathway
(Zhang et al., 2009). In rheumatoid arthritis animal models,
SIRT1 overexpression or administration of SIRT1 activators can
markedly suppress the ER stress and the NF-kB activation of
synovial cell, which basically decreased synovial inflammation
and cartilage destruction (Niederer et al, 2011). In addition, in
the experimental setting of animal models of inflammatory bowel
disease, SIRT1 can also reduce intestinal inflammatory responses
and tissue damage by inhibiting ER stress response and the activity
of the NF-«xB pathway in the intestinal epithelial and immune cells,
which maintain the intestinal barrier function (Caruso et al., 2014).
These observations point that a more precise intervention of SIRT1-
ER stress-NF-kB pathway may be a novel cellular mechanism for the
treatment of inflammation-associated diseases (Table 3). The
application of the identified health benefits needed to be further
studied especially on the possibility of side-effects and suitable

patient population.

4.5 Crosstalk between ER stress and NF-«xB
signaling during regulation by SIRT1 in
various diseases

The interplay between ER stress and inflammation, particularly
NEF-«B signaling, has been increasingly recognized as a critical factor
in the pathogenesis of various diseases (Zhang and Kaufman, 2008;
Cybulsky, 2017). SIRT1, as a key regulator of both ER stress and NF-
kB pathways, may play a pivotal role in modulating this crosstalk.
While the precise mechanisms remain to be fully elucidated, several
lines of evidence suggest that SIRT1 may attenuate the vicious cycle
between ER stress and NF-«B activation.

Firstly, SIRT1-mediated deacetylation of the NF-kB p65 subunit
can directly suppress its transcriptional activity (Chen et al., 2002;
Yeung et al, 2004), which may reduce the expression of pro-
inflammatory genes and alleviate the protein folding burden on
the ER. This, in turn, could attenuate ER stress and the associated
UPR activation. Secondly, SIRT1 has been shown to deacetylate key
molecules in the UPR pathways, such as IREla and XBP1s (Yao
et al,, 2010; Koga et al., 2015), which may inhibit their ability to
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activate NF-kB signaling. For example, deacetylation of IREla by
SIRT1 may disrupt its interaction with TRAF2 and subsequent
activation of IKK and NF-«kB (Zhang and Kaufman, 2008).

Furthermore, SIRT1-mediated activation of AMPK has been
implicated in suppressing both ER stress and NF-kB signaling
(Cant6 et al.,, 2009; Bess et al, 2011). AMPK can phosphorylate
and inhibit the IKKp subunit, thereby attenuating NF-«B activation
(Bess et al., 2011). Additionally, AMPK activation has been shown to
alleviate ER stress by promoting autophagy and reducing protein
synthesis (Kim et al, 2011). Thus, SIRT1-AMPK signaling may
represent another avenue through which SIRT1 can modulate the
crosstalk between ER stress and NF-kB pathways.

In conclusion, while the exact mechanisms remain to be fully
characterized, emerging evidence suggests that SIRT1 may play a
crucial role in attenuating the vicious cycle between ER stress and
NF-«B signaling. This highlights the potential of targeting SIRT1 as
a therapeutic strategy for diseases characterized by chronic ER stress
and inflammation. However, further research is needed to elucidate
the complex interplay between these pathways and to develop
targeted interventions that exploit the protective effects of SIRT1.

5 Summary and outlook

Asan NAD + -dependent histone deacetylase, SIRT1 plays a key
role in the regulation of various stress responses and signaling
pathways through epigenetic modifications, and it is involved in
multiple biological processes such as metabolism and inflammation.
This review summarizes the research progress on the inhibitory
effects of SIRT1 on ER stress by deacetylating key molecules in the
ER stress pathway, such as GRP78, IRE1q, eIF2a, and XBP1s, as well
as the negative regulation of NF-«xB inflammatory signaling by
SIRT1 through mechanisms such as removing the acetylation of
the NF-xB p65 subunit, inhibiting p300 activity, activating the
AMPK pathway, and inducing IL-10 expression. These studies
reveal the important biological significance of SIRT1 in
coordinately regulating ER stress and the NF-kB pathway in
metabolic  diseases,

various pathological processes such as

ischemia-reperfusion injury, neurodegenerative diseases, and
inflammatory diseases. However, it is important to recognize that
the complexity of the biological systems involved and the potential
for unintended consequences necessitate a cautious approach in
targeting SIRT1 for therapeutic intervention.

Although significant progress has been made in the research on
SIRT1 regulation of ER stress and the NF-«xB pathway, further in-
depth understanding of its mechanisms of action and clinical
application prospects is still needed. Future research should be
conducted in the following aspects: First, further elucidate the
precise molecular mechanisms of SIRT1 regulation of ER stress
and the NF-«B pathway in specific cells and tissues, and identify new
SIRT1 deacetylation substrates and interacting proteins. Second, use
tissue-specific SIRT1 knockout and overexpression animal models
to deeply explore the role of SIRT1 regulation of ER stress and
inflammatory responses in the development of specific diseases.
Third, screen for highly efficient and specific SIRT1 activators and
evaluate their therapeutic effects and safety in animal models of ER
stress and inflammation-related diseases, laying the foundation for
their clinical application. Fourth, design prospective clinical studies

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1405546

to explore the expression profile and activity changes of SIRT1 and
its related targets in the ER stress and inflammatory signaling
pathways in related diseases, and identify new diagnostic and
prognostic markers. Fifth, conduct drug development and clinical
trials based on the SIRT1-ER stress-NF-«kB pathway to promote its
application in the prevention and treatment of metabolic diseases,
cardiovascular and cerebrovascular diseases, neurodegenerative
diseases, and inflammatory diseases.

In conclusion, SIRT1 plays a crucial role in maintaining body
homeostasis and the development of various diseases through the fine-
tuned regulation of ER stress and the NF-kB pathway. In-depth
elucidation of the mechanisms of action and biological functions of
SIRT1 is of great significance for expanding our understanding of the
pathogenesis of related diseases and exploring novel preventive and
therapeutic strategies targeting SIRT1. However, the translation of these
findings into clinical applications requires a rigorous and holistic
approach, taking into account the complex nature of the biological
systems involved and the potential for adverse effects. Future research
requires multidisciplinary collaboration to deeply explore the patterns
and significance of SIRT1 regulation of ER stress and inflammatory
responses at multiple levels, including molecular mechanisms, animal
models, and clinical translation, ultimately realizing the transformation
from basic research to clinical application and benefiting human health.
While the challenges are significant, the potential rewards are great, and
the continued pursuit of this line of research holds great promise for the
development of new and effective therapies for a wide range of diseases.

Author contributions

KZ: Writing-original draft. HZ: Writing-review and editing.
DY: Writing-original draft, Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The present
study was supported by the Plastic Surgery Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College
(Beijing, China) (grant no. YS202006).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1405546

Zhao et al.

References

Bess, E., Fisslthaler, B., Fromel, T., and Fleming, I. (2011). Nitric oxide-induced
activation of the AMP-activated protein kinase a2 subunit attenuates IkB kinase activity
and inflammatory responses in endothelial cells. PLoS One 6 (6), €20848. doi:10.1371/
journal.pone.0020848

Calfon, M., Zeng, H., Urano, F,, Till, ]. H., Hubbard, S. R., Harding, H. P., et al. (2002).
IRE1 couples endoplasmic reticulum load to secretory capacity by processing the XBP-1
mRNA. Nature 415 (6867), 92-96. doi:10.1038/415092a

Canto, C., Gerhart-Hines, Z., Feige, . N., Lagouge, M., Noriega, L., Milne, J. C., et al.
(2009). AMPK regulates energy expenditure by modulating NAD+ metabolism and
SIRT1 activity. Nature 458 (7241), 1056-1060. doi:10.1038/nature07813

Caruso, R., Marafini, 1., Franz¢, E., Stolfi, C., Zorzi, F., Monteleone, 1., et al. (2014).
Defective expression of SIRT1 contributes to sustain inflammatory pathways in the gut.
Mucosal Immunol. 7 (6), 1467-1479. doi:10.1038/mi.2014.35

Chalkiadaki, A., and Guarente, L. (2015). The multifaceted functions of sirtuins in
cancer. Nat. Rev. Endocrinol. 11 (6), 344-355. doi:10.1038/nrendo.2015.62

Chang, H. C,, and Guarente, L. (2014). SIRT1 and other sirtuins in metabolism.
Trends Endocrinol. Metab. 25 (3), 138-145. doi:10.1016/j.tem.2013.12.001

Chen, L. F,, Mu, Y., and Greene, W. C. (2002). Acetylation of RelA at discrete sites
regulates distinct nuclear functions of NF-kappaB. EMBO J. 21 (23), 6539-6548. doi:10.
1093/emboj/cdf660

Cybulsky, A. V. (2017). Endoplasmic reticulum stress, the unfolded protein response
and autophagy in kidney diseases. Nat. Rev. Nephrol. 13 (11), 681-696. doi:10.1038/
nrneph.2017.129

Donmez, G., Arun, A,, Chung, C. Y., McLean, P. ], Lindquist, S., and Guarente, L.
(2012). SIRT1 protects against a-synuclein aggregation by activating molecular
chaperones. J. Neurosci. 32 (1), 124-132. doi:10.1523/J]NEUROSCI.3442-11.2012

Groenendyk, J., Agellon, L. B,, and Michalak, M. (2013). Coping with endoplasmic
reticulum stress in the cardiovascular system. Annu. Rev. Physiol. 75, 49-67. doi:10.
1146/annurev-physiol-030212-183707

Guo, R, Liu, W,, Liu, B,, Zhang, B, Li, W., and Xu, Y. (2015). SIRT1 suppresses
cardiomyocyte apoptosis in diabetic cardiomyopathy: an insight into endoplasmic
reticulum stress response mechanism. Int. J. Cardiol. 191, 36-45. doi:10.1016/j.
ijcard.2015.04.245

Harding, H. P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000). Perk is essential
for translational regulation and cell survival during the unfolded protein response. Mol.
Cell 5 (5), 897-904. doi:10.1016/s1097-2765(00)80330-5

Hetz, C., and Papa, F. R. (2018). The unfolded protein response and cell fate control.
Mol. Cell 69 (2), 169-181. doi:10.1016/j.molcel.2017.06.017

Hotamisligil, G. S. (2010). Endoplasmic reticulum stress and the inflammatory basis
of metabolic disease. Cell 140 (6), 900-917. doi:10.1016/j.cell.2010.02.034

Huang, Y., and Mucke, L. (2012). Alzheimer mechanisms and therapeutic strategies.
Cell 148 (6), 1204-1222. doi:10.1016/j.cell.2012.02.040

Ibrahim, I. M., Abdelmalek, D. H., and Elfiky, A. A. (2019). GRP78: a cell’s response to
stress. Life Sci. 226, 156-163. doi:10.1016/1.1fs.2019.04.022

Julien, C., Tremblay, C., Emond, V., Lebbadi, M., Salem, N., Jr, Bennett, D. A., et al.
(2009). Sirtuin 1 reduction parallels the accumulation of tau in Alzheimer disease.
J. Neuropathol. Exp. Neurol. 68 (1), 48-58. doi:10.1097/NEN.0b013e3181922348

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulkl. Nat. Cell Biol. 13 (2), 132-141.
doi:10.1038/ncb2152

Koga, T., Suico, M. A, Shimasaki, S., Watanabe, E., Kai, Y., Koyama, K, et al. (2015).
Endoplasmic reticulum (ER) stress induces sirtuin 1 (SIRT1) expression via the PI3K-
Akt-GSK3p signaling pathway and promotes hepatocellular injury. J. Biol. Chem. 290
(52), 30366-30374. doi:10.1074/jbc.M115.664169

Lawrence, T. (2009). The nuclear factor NF-kappaB pathway in inflammation. Cold
Spring Harb. Perspect. Biol. 1 (6), a001651. doi:10.1101/cshperspect.a001651

Lee, I. H., Cao, L., Mostoslavsky, R., Lombard, D. B., Liu, J., Bruns, N. E., et al.
(2008). A role for the NAD-dependent deacetylase Sirtl in the regulation of

Frontiers in Cell and Developmental Biology

08

10.3389/fcell.2024.1405546

autophagy. Proc. Natl. Acad. Sci. U. S. A. 105 (9), 3374-3379. doi:10.1073/pnas.
0712145105

Li, T., Zhang, J., Feng, J., Li, Q., Wu, L., Ye, Q,, et al. (2013). Resveratrol reduces acute
lung injury in a LPS-induced sepsis mouse model via activation of Sirtl. Mol. Med. Rep.
7 (6), 1889-1895. doi:10.3892/mmr.2013.1444

Li, Y., Xu, S., Giles, A, Nakamura, K., Lee, ]. W., Hou, X,, et al. (2011). Hepatic
overexpression of SIRT1 in mice attenuates endoplasmic reticulum stress and insulin
resistance in the liver. FASEB J. 25 (5), 1664-1679. doi:10.1096/fj.10-173492

Liu, J., Huang, K., Cai, G. Y., Chen, X. M,, Yang, J. R,, Lin, L. R, et al. (2014). Receptor
for advanced glycation end-products promotes premature senescence of proximal
tubular epithelial cells via activation of endoplasmic reticulum stress-dependent
p21 signaling. Cell Signal 26 (1), 110-121. doi:10.1016/j.cellsig.2013.10.002

Liu, T. F,, Vachharajani, V. T., Yoza, B. K,, and McCall, C. E. (2012). NAD+-
dependent sirtuin 1 and 6 proteins coordinate a switch from glucose to fatty acid
oxidation during the acute inflammatory response. J. Biol. Chem. 287 (30),
25758-25769. doi:10.1074/jbc.M112.362343

Min, S. W., Cho, S. H,, Zhou, Y., Schroeder, S., Haroutunian, V., Seeley, W. W, et al.
(2010). Acetylation of tau inhibits its degradation and contributes to tauopathy. Neuron
67 (6), 953-966. doi:10.1016/j.neuron.2010.08.044

Niederer, F., Ospelt, C., Brentano, F., Hottiger, M. O., Gay, R. E,, Gay, S,, et al. (2011).
SIRT1 overexpression in the rheumatoid arthritis synovium contributes to
proinflammatory cytokine production and apoptosis resistance. Ann. Rheum. Dis.
70 (10), 1866-1873. doi:10.1136/ard.2010.148957

Prola, A, Silva, J. P., Guilbert, A., Lecru, L., Piquereau, J., Ribeiro, M., et al. (2017).
SIRT1 protects the heart from ER stress-induced cell death through eIF2a deacetylation.
Cell Death Differ. 24 (2), 343-356. d0i:10.1038/cdd.2016.138

Thompson, P. R., Wang, D., Wang, L., Fulco, M., Pediconi, N., Zhang, D., et al. (2004).
Regulation of the p300 HAT domain via a novel activation loop. Nat. Struct. Mol. Biol.
11 (4), 308-315. doi:10.1038/nsmb740

Thuerauf, D. J., Marcinko, M., Gude, N., Rubio, M., Sussman, M. A., and Glembotski,
C. C. (2006). Activation of the unfolded protein response in infarcted mouse heart and
hypoxic cultured cardiac myocytes. Circ. Res. 99 (3), 275-282. doi:10.1161/01.RES.
0000233317.70421.03

Wang, F. M., Chen, Y. J., and Ouyang, H. J. (2011). Regulation of unfolded protein
response modulator XBP1s by acetylation and deacetylation. Biochem. J. 433 (1),
245-252. doi:10.1042/BJ20101293

Wang, Y., Alam, G. N,, Ning, Y., Visioli, F., Dong, Z., Nér, J. E,, et al. (2012). The unfolded

protein response induces the angiogenic switch in human tumor cells through the PERK/
ATF4 pathway. Cancer Res. 72 (20), 5396-5406. doi:10.1158/0008-5472.CAN-12-0474

Yao, Y., Li, H,, Gu, Y., Davidson, N. E., and Zhou, Q. (2010). Inhibition of
SIRT1 deacetylase suppresses estrogen receptor signaling. Carcinogenesis 31 (3),
382-387. doi:10.1093/carcin/bgp308

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D,, Jones, D. R,, Frye, R. A,, et al.
(2004). Modulation of NF-kappaB-dependent transcription and cell survival by the
SIRT1 deacetylase. EMBO J. 23 (12), 2369-2380. doi:10.1038/sj.emboj.7600244

Yoshizaki, T., Milne, J. C., Imamura, T., Schenk, S., Sonoda, N., Babendure, J. L., et al.
(2009). SIRT1 exerts anti-inflammatory effects and improves insulin sensitivity in
adipocytes. Mol. Cell Biol. 29 (5), 1363-1374. doi:10.1128/MCB.00705-08

Zhang, J., Lee, S. M., Shannon, S., Gao, B., Chen, W., Chen, A, et al. (2009). The type
III histone deacetylase Sirtl is essential for maintenance of T cell tolerance in mice.
J. Clin. Invest. 119 (10), 3048-3058. doi:10.1172/JCI38902

Zhang, K., and Kaufman, R. J. (2008). From endoplasmic-reticulum stress to the
inflammatory response. Nature 454 (7203), 455-462. doi:10.1038/nature07203

Zhang, W., Huang, Q., Zeng, Z., Wu, J., Zhang, Y., and Chen, Z. (2017). Sirt1 inhibits
oxidative stress in vascular endothelial cells. Oxid. Med. Cell Longev. 2017, 7543973.
doi:10.1155/2017/7543973

Zhang, X., Cao, Q,, Jiang, H., Zhao, S., Liu, L., Ren, X,, et al. (2020). SIRT1 deacetylates
ULK1 and regulates autophagy in response to nutrient deprivation in colorectal cancer
cells. J. Cell Biochem. 121 (1), 351-366. doi:10.1002/jcb.29188

frontiersin.org


https://doi.org/10.1371/journal.pone.0020848
https://doi.org/10.1371/journal.pone.0020848
https://doi.org/10.1038/415092a
https://doi.org/10.1038/nature07813
https://doi.org/10.1038/mi.2014.35
https://doi.org/10.1038/nrendo.2015.62
https://doi.org/10.1016/j.tem.2013.12.001
https://doi.org/10.1093/emboj/cdf660
https://doi.org/10.1093/emboj/cdf660
https://doi.org/10.1038/nrneph.2017.129
https://doi.org/10.1038/nrneph.2017.129
https://doi.org/10.1523/JNEUROSCI.3442-11.2012
https://doi.org/10.1146/annurev-physiol-030212-183707
https://doi.org/10.1146/annurev-physiol-030212-183707
https://doi.org/10.1016/j.ijcard.2015.04.245
https://doi.org/10.1016/j.ijcard.2015.04.245
https://doi.org/10.1016/s1097-2765(00)80330-5
https://doi.org/10.1016/j.molcel.2017.06.017
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1016/j.cell.2012.02.040
https://doi.org/10.1016/j.lfs.2019.04.022
https://doi.org/10.1097/NEN.0b013e3181922348
https://doi.org/10.1038/ncb2152
https://doi.org/10.1074/jbc.M115.664169
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.3892/mmr.2013.1444
https://doi.org/10.1096/fj.10-173492
https://doi.org/10.1016/j.cellsig.2013.10.002
https://doi.org/10.1074/jbc.M112.362343
https://doi.org/10.1016/j.neuron.2010.08.044
https://doi.org/10.1136/ard.2010.148957
https://doi.org/10.1038/cdd.2016.138
https://doi.org/10.1038/nsmb740
https://doi.org/10.1161/01.RES.0000233317.70421.03
https://doi.org/10.1161/01.RES.0000233317.70421.03
https://doi.org/10.1042/BJ20101293
https://doi.org/10.1158/0008-5472.CAN-12-0474
https://doi.org/10.1093/carcin/bgp308
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1128/MCB.00705-08
https://doi.org/10.1172/JCI38902
https://doi.org/10.1038/nature07203
https://doi.org/10.1155/2017/7543973
https://doi.org/10.1002/jcb.29188
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1405546

	SIRT1 exerts protective effects by inhibiting endoplasmic reticulum stress and NF-κB signaling pathways
	1 Introduction
	2 Regulatory mechanisms of SIRT1 on ER stress
	2.1 SIRT1 deacetylates GRP78 to enhance its binding to ER stress sensors
	2.2 SIRT1 deacetylates IRE1α to inhibit XBP1 splicing
	2.3 SIRT1 deacetylates eIF2α to inhibit protein synthesis
	2.4 SIRT1 deacetylates XBP1 to enhance its transcriptional activity

	3 Inhibitory effects of SIRT1 on the NF-κB inflammatory pathway
	3.1 SIRT1 directly deacetylates the NF-κB p65 subunit to inhibit its transcriptional activity
	3.2 SIRT1 indirectly inhibits p65 acetylation by deacetylating p300
	3.3 SIRT1 inhibits the IKKβ/NF-κB inflammatory signaling by activating AMPK
	3.4 SIRT1 negatively regulates the NF-κB inflammatory response by upregulating IL-10

	4 Biological significance of SIRT1 regulation on ER stress and the NF-κB pathway
	4.1 SIRT1 improves metabolic diseases by inhibiting ER stress
	4.2 SIRT1 alleviates myocardial ischemia-reperfusion injury by inhibiting ER stress
	4.3 SIRT1 alleviates neurodegenerative pathology by inhibiting ER stress and the NF-κB pathway
	4.4 SIRT1 alleviates inflammatory diseases by inhibiting ER stress and the NF-κB pathway
	4.5 Crosstalk between ER stress and NF-κB signaling during regulation by SIRT1 in various diseases

	5 Summary and outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


