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Abstract
Methionine oxidation and reduction is a common phenomenon occurring in biological systems under both physiological 
and oxidative-stress conditions. The levels of methionine sulfoxide (MetO) are dependent on the redox status in the cell 
or organ, and they are usually elevated under oxidative-stress conditions, aging, inflammation, and oxidative-stress related 
diseases. MetO modification of proteins may alter their function or cause the accumulation of toxic proteins in the cell/organ. 
Accordingly, the regulation of the level of MetO is mediated through the ubiquitous and evolutionary conserved methionine 
sulfoxide reductase (Msr) system and its associated redox molecules. Recent published research has provided new evidence 
for the involvement of free MetO or protein-bound MetO of specific proteins in several signal transduction pathways that 
are important for cellular function. In the current review, we will focus on the role of MetO in specific signal transduction 
pathways of various organisms, with relation to their physiological contexts, and discuss the contribution of the Msr system 
to the regulation of the observed MetO effect.
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Introduction

Exposure of proteins to reactive oxygen species (ROS) and 
hydrogen peroxide under physiological and pathological 
conditions may lead to the oxidation of free methionine and 
methionyl residue, forming methionine sulfoxide (MetO) 
(Brot et al. 1981; Moskovitz et al. 1996). The function and 
structure of proteins that undergo this posttranslational 
modification may be altered, causing them to affect cellular 
function. The methionine sulfoxide reductase (Msr) system 
can reduce MetO to methionine, lowering the levels of MetO 
moiety of MetO-containing proteins resulting in changes to 
the function of these proteins (Oien and Moskovitz 2008). 
The Msr system consists of two families of enzymes: MsrA 
and MsrB, which are stereospecific and reduce S-MetO 
and R-MetO, respectively (Moskovitz et al. 2000; Grimaud 

2001; Lowther et al. 2002; Moskovitz et al. 2002; Bar-Noy 
and Moskovitz 2002). Most mammals and yeast exhibit one 
type of MsrA and three types of MsrB (MsrB1-3) enzymes, 
while the types of Msr enzymes vary in bacteria and plants 
(Oien and Moskovitz 2008; Jiang and Moskovitz 2018). 
These enzymes require redox agents for their reducing activ-
ity, such as the thioredoxin/thioredoxin reductase systems, 
and the relative expression level of each type determines the 
total percent reduction of MetO (i.e., the sum of both MetO 
forms). The roles of both MetO and Msr system in health 
and disease have been investigated in various organisms 
from bacteria to mammals, including humans. For exam-
ple, in mammals, a compromised Msr system and elevated 
levels of MetO are involved in the expression of markers that 
are associated with neurodegenerative diseases (i.e. Alzhei-
mer’s and Parkinson’s diseases) (Jiang and Moskovitz 2018; 
Oien and Moskovitz 2019; Bitan et al. 2003; Dong et al. 
2003; Boutte et al. 2006; Butterfield et al. 2005; Triguero 
et al. 2008; Wassef et al. 2007; Liu et al. 2008; Glaser et al. 
2005), liver and kidney toxicity (Singh et al. 2017a, b; Noh 
et al. 2017), cancer (He et al. 2018; Kwak et al. 2017; Morel 
et al. 2017a, b), hearing loss (Ahmed et al. 2011; Kwon 
et al. 2014), mental health disorders (Campos et al. 2020; 
Walss-Bass et al. 2009; Ma et al. 2011; Otte et al. 2014), 
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cardiovascular disease (García-Bermúdez et al. 2012; Rose 
et al. 2015; Gu et al. 2013), cystic fibrosis (Chandler et al. 
2018; Magon et al. 2015; Knowles et al. 2012), and macular 
degeneration (Sreekumar et al. 2011; Brennan et al. 2009; 
Sreekumar et al. 2005). The role of free MetO in signaling 
pathways is not clear yet. The main reasons for this defi-
ciency in knowledge are that free MetO is not associated 
with a specific protein that can be monitored for its function; 
and that the MetO level depends on the overall cellular redox 
state that it is not regulated only by the function of the Msr 
system. The burgeoning evidence supports the view that an 
enhanced function of the Msr system, which results in lower 
MetO levels, increases the cellular resistance to oxidative 
stress and related diseases (Jiang and Moskovitz 2018; Oien 
and Moskovitz 2019). However, the knowledge is limited 
regarding cell signaling that is mediated through the MetO 
moiety and the signal transduction pathways that affect 
both the Msr system and downstream events. Accordingly, 
in this review, we will describe and discuss the inter- and 
intra-relationships between MetO, Msr system, and recently 
associated cellular pathways. The function of the Msr system 
and formation of the MetO moiety are both processes that 
are ubiquitous in nature, while the current information on 
their association with signal transduction pathways per one 
species/organism is limited. Thus, the presented topics are 
sorted under categories according to the type of signaling, 
rather than the type of the biological system that is being 
investigated (i.e. type of organism).

Methionine sulfoxide‑related signaling

Methionine sulfoxide and phosphorylation

Oxidation of methionine residues in proteins may change the 
protein structure–function properties, as it has been reported 
in many studies (Oien and Moskovitz 2008; Jiang and Mosk-
ovitz 2018; Oien and Moskovitz 2019). Likewise, phospho-
rylation and dephosphorylation of a protein may serve as 
protein modifiers that can alter its function and lead to a 
cascade of downstream events associated with signal trans-
duction pathways. Thus, an obvious question arose: is there a 
connection and crosstalk between methionine oxidation and 
phosphorylation events of proteins? Several research studies 
aimed in answering this question by investigating how MetO 
residues can affect the phosphorylation rate of a specific pro-
tein. Hardin and colleagues showed that oxidation of methio-
nine residue that is located within a hydrophobic region of a 
protein can inhibit protein phosphorylation in vitro (Hardin 
et al. 2009). Accordingly, this study demonstrated that the 
in vitro phosphorylation of a recombinant soybean calcium-
dependent protein kinase and human AMP-dependent pro-
tein kinase was inhibited upon the oxidation of methionine 

residues. Further investigations revealed that methionine 
oxidation might inhibit protein phosphorylation in vivo as 
well, as it has been demonstrated for the Arabidopsis leaf 
nitrate reductase protein on Ser534.

These data support the suggestion that oxidation of 
enzyme-accessible MetO residues of proteins can inhibit 
the phosphorylation of adjacent phosphorylation sites, link-
ing oxidative signals to alterations in protein phosphoryla-
tion through methionine oxidation. Another example for the 
negative effect of methionine oxidation on protein phospho-
rylation is the observation by Oien and researchers of the 
inhibitory effect of methionine oxidation on α-synuclein 
phosphorylation as it was observed in in vitro and ex vivo 
systems (Oien et  al. 2009, 2011). Additional examples 
providing supportive evidence for the possible interaction 
between MetO residues and phosphorylation events are the 
correlation between Met293 oxidation and Ser292 phospho-
rylation of pyruvate dehydrogenase (Miernyk et al. 2009) 
and the correlation between Met45 oxidation and Ser32/36 
phosphorylation of inhibitor kappa B alpha (Kanayama et al. 
2002). In both examples, oxidation of the methionine residue 
inhibits phosphorylation of these serine residues.

Methionine sulfoxide as a signaling molecule 
in the methionine sulfoxide reductase system

The Msr system is able to reduce free and protein-bound 
MetO and plays an important role in cellular protein stabil-
ity, function, and regulation (Oien and Moskovitz, 2008). 
Thus, during a state of excessive oxidative stress in cells, 
activation of the Msr system is important to lower the levels 
of MetO by reduction of MetO to methionine. This objec-
tive can be achieved both by an upregulation or activation 
of the Msr enzymes. One possible way to upregulate Msr 
is through molecules or peptides that exhibit a MetO moi-
ety. For example, elevated MsrA activity and mRNA lev-
els were observed in human neuroblastoma (IMR-32) cells 
in response to treatment with MetO-beta-amyloid (1–42) 
(Aβ42-MetO), suggesting that the cells exhibit a sensory 
system that can detect the presence of MetO in Aβ that, in 
turn, upregulates the expression of MsrA (Misiti et al. 2010). 
This observation has been also validated in mouse and rat 
neuronal cells that were grown in culture in the presence 
of Aβ42-MetO, Aβ40-MetO, or acetylated MetO molecules 
(Moskovitz et al. 2011). Other molecules that contain either 
a methyl group that can be oxidized or a methionine deriva-
tive moiety may also serve as Msr expression inducers. For 
example, the drug pergolide/pergolide sulfoxide contains a 
methyl group that when oxidized, either in vitro or cellular 
oxidation, can upregulate Msr activity and expression in 
cultured neuronal cells (Franklin et al. 2013). It was sug-
gested that since pergolide and pergolide sulfoxide are dopa-
mine receptor agonists and ligands for serotonin receptor 
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their functions could be mediated through binding to these 
receptors, leading to the activation of a signal transduc-
tion pathway that regulates Msr expression. Additionally, 
it was discovered that S-adenosyl-methionine could cause a 
similar effect (Franklin et al. 2013). These compounds can 
cross the blood–brain barrier, and thus, it was proposed that 
they might be useful in the treatment of neurodegenerative 
diseases in which upregulation of the Msr system could be 
beneficiary due to its antioxidant capacity.

Effect of the Msr system on signal 
transduction

Calcium homeostasis and calcium‑binding proteins

Calcium plays an important and significant role in many 
signal transduction pathways. The cellular level of calcium 
is strongly linked to the interaction between calcium and 
calmodulin. The calcium/calmodulin  (Ca2+/CaM)-dependent 
protein kinase II (CaMKII) facilitates an increase of  Ca2+ 
to cellular responses in excitable cells, and its activation is 
mediated through the  Ca2+/CaM complex under physiologi-
cal conditions (Erickson et al. 2008). However, both in vitro 
and in vivo oxidation of methionine residues of CaMKII 
cause the enzyme to remain constantly active, affecting sev-
eral downstream cellular pathways (Erickson et al. 2008). 
In turn, this situation may lead to a compromised cardiac 
function if the MetO residues of  Ca2+/CaM are not reduced 
to methionine by MsrA (Erickson et al. 2008). The CaM 
protein itself is prone to methionine oxidation that alters its 
function. Upon oxidation of specific methionine residues of 
CaM, the protein binds tightly to its target protein causing 
a lasting inhibitory effect that leads to down-regulation of 
energy metabolism in response to oxidative stress (Bigelow 
al. 2005). Similarly, oxidation of a methionine residue of the 
phospholamban protein (which regulates Ca-ATPase activ-
ity) is suggested to result in a tight binding of the protein 
to Ca-ATPase leading to a down-regulation of Ca-ATPase 
function in response to adrenergic signaling in the heart 
(Bigelow al. 2005). This inhibitory effect of methionine 
oxidation on energy metabolism can be salvaged by the Msr 
system, as it was demonstrated in Msr-overexpressed pan-
creatic stellate cells had an enhanced ATP-induced calcium 
response (Liu et al. 2019).

Methionine oxidation and reversal in inflammation

Oxidative stress in commonly accompanied by an inflamma-
tory response in mammals, producing ROS and other tissue-
damaging molecules. Thus, a strong antioxidant defense is 
supposed to protect and alleviate inflammatory-related 
insults to the organs/organism that are exposed to a high 

level of ROS. In that regard, upregulation and/or activation 
of the Msr system could play a positive role, both through 
the Msr enzymatic antioxidant activity and its ability to 
attenuate signal transduction pathways that are important 
for the inflammation process. Lipopolysaccharide (LPS) is 
known for its ability to induce a proinflammatory response. 
Indeed, silencing of MsrA expression in primary microglia 
cells caused an induction of microglia activation and the 
production of pro-inflammatory cytokines (Fan et al. 2015). 
Complementally, overexpression of recombinant MsrA in 
these microglia cells caused a reduction in the LPS-induced 
activation of p38 and ERK mitogen-activated protein kinases 
(MAPKs) and nuclear factor kappaB (NF-КB). Knocking 
out of the MsrA gene in mouse (MsrA KO) caused the ani-
mal to be hypersensitive to oxidative stress and exhibit 
phenotypes associated with neurodegeneration (Moskovitz 
et al. 2001). Recently, it was reported the MsrA KO mice 
possesses similar LPS-induced markers that were observed 
in the LPS-induced inflammation in glia cells (Fan et al. 
2015). Taken together, it is concluded that MsrA plays an 
important role as a modulator of specific signal transduction 
pathways that are involved in the initiation of the inflam-
matory response, following LPS exposure. Interestingly, 
LPS specifically induces the expression of MsrB1 among 
all other Msrs (Singh et al. 2017a, b). Unexpectedly, ablation 
of MsrB1 caused a decreased induction of anti-inflammatory 
cytokines, such as interleukin (IL)-10 and the IL-1 recep-
tor antagonist in the LPS-induced mice. This seemingly 
inconsistency with the proposed role of the Msr system in 
inflammation was adjusted by both the excessive pro-inflam-
matory cytokine production and an increase in acute tissue 
inflammation in the MsrB1 KO mice (Singh et al. 2017a, 
b). Apparently, the MsrB1 is also involved in the transcrip-
tional regulation of dendritic cells upon LPS immunization. 
This is suggested by the observation that LPS-immunization 
induced MsrB1-dependent activation of the transcription-6 
(STAT6) pathway and enhancement of IL-12 production, 
which promotes T-helper cells type 1 differentiation (Lee 
et al. 2017). Furthermore, MsrB1 promoted follicular helper 
T-cell differentiation, following immunization of the mice 
with sheep red blood cells (Lee et al. 2017).

Involvement of MsrA in mitochondrial function 
and glucose regulation

Oxidative stress is suggested to play an important role in 
maintaining glucose homeostasis. The observation that MsrA 
KO mice vulnerable to acquiring obesity-induced insulin 
resistance suggests that MsrA is involved in the regulation 
of related metabolic pathways. Accordingly, overexpres-
sion of recombinant MsrA in mitochondria indicated that 
the enzyme could alter glucose homeostasis following diet-
induced obesity through the activating of AMPK signaling 
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(Lee et al. 2020). This process ablated the insulin resistance 
caused by the diet although the obesity remained. Thus, it 
will be interesting and important to identify mitochondrial 
protein substrates for MsrA as means to discover how MsrA 
affects mitochondrial function in metabolic diseases.

Hyperglycemia can regulate angiogenesis through the 
induction of oxidative stress response and ROS. The RUNX2 
DNA-binding transcription factor is activated by a glucose-
mediated intracellular pathway, involved in endothelial 
cell function and angiogenesis, and is affected by oxidative 
stress. RUNX2 DNA-binding and endothelial cell differen-
tiation are conserved in response to glucose and inhibited 
by hyperglycemia (mediated through elevated ROS produc-
tion and the aldose reductase glucose-utilization pathway) 
(Hunnicut et al. 2015). The redox status of the methionine 
residues that regulates the RUNX2 DNA-binding has been 
found to be associated with the MsrA activity (Mochin et al. 
2015). In addition, MsrA substrates and sulfoxide scavengers 
inhibited RUNX2 DNA binding in the absence of oxidative 
stress, while increasing this DNA binding in the presence 
of oxidants. Furthermore, MsrA was found to be associ-
ated with RUNX2:DNA complexes, and the homologue of 
RUNX2 protein, RUNX1, served also as a catalytic substrate 
for MsrA. The involvement of aldose reductase and MsrA 
in regulating RUNX2 transcription factor activity and the 
function of epithelial cells may lead to the development of 
novel therapies against vascular dysfunction that is associ-
ated with diabetes (Mochin et al. 2015).

Compromised mitochondrial respiration and cytochrome 
c oxidase activity (Complex IV) represent some of the phe-
notypes that are observed in an Alzheimer’s disease (AD) 
mouse model (Moskovitz et  al. 2016). Ablation of the 
expression of MsrA in an AD-model mouse exacerbated 
these phenotypes, suggesting that the redox status of methio-
nine residue/s of specific mitochondrial proteins may con-
tribute to this phenomenon. Further investigations to identify 
mitochondrial MetO targets for MsrA may shed light into 
the role of MsrA in via MetO-dependent regulation of mito-
chondrial function (Moskovitz et al. 2016).

Role of the Msr system in protein degradation

Autophagy and mitophagy

Protein degradation is important for several processes that 
are required to maintain cellular metabolism and function. 
For example, the degradation system is involved in the 
following tasks: clearance of faulty proteins that cannot 
be salvaged to ensure proper cellular function; regulation 
of cell cycle through degradation of specific proteins that 
participate in controlling cell proliferation; and provid-
ing free amino acids energy production that is demanded 
under the extreme stressful conditions, such as starvation. 

Formation of MetO residue is a posttranslational modifica-
tion that may lead to the cellular accumulation of MetO-
proteins, if not reduced back to methionine by the Msr 
system. Thus, an open question remains: what is the role 
of Msr system in protein degradation that may prevent 
the occurrence of this phenomenon? Recent reports have 
provided some insight into the possible answers to this 
question. For example, deletion of the MsrA gene caused 
an increase in the production of p62-containing protein 
aggregates, activated autophagy, and decreased an apop-
tosis marker in vascular smooth muscle cells (Penningtona 
et al. 2018). Deletion of the MsrA gene in vascular smooth 
muscle cells enhances the interaction between Keap1 and 
p62 (Penningtona et al. 2018). One of the roles of Keap1 
is to target the transcription factor, nuclear factor eryth-
roid 2–related factor 2 (Nrf2) for proteasomal degradation 
(Nrf2 is important for the regulation of antioxidant genes). 
Thus, ablation of MsrA in vascular smooth muscle cells 
caused an inhibition of Nrf2 degradation through Keap1, 
since the availability of free Keap1 (i.e., not in a complex 
with p62) was diminished. This situation was reflected by 
the decreased ubiquitination of Nrf2 and an increased level 
of the Nrf2 protein. Consequently, the level of the Nrf2 in 
the nucleus was increased in the MsrA KO cells, leading 
to an upregulation of Nrf2-dependent transcriptional activ-
ity. In summary, these observations suggest a connection 
between autophagy and MsrA-dependent transcriptional 
activity and the expression level of Nrf2.

Mitophagy removes damaged mitochondria and protects 
the cell from apoptosis. ROS can damage mitochondria 
and the downstream events leading to mitophagy is yet 
to be fully understood. The role of the Msr system in oxi-
dative stress-related mitophagy is not clear. Recently, it 
has been reported that the mitochondrial matrix protein 
MsrB2 participates in the process of initiating mitophagy 
by reducing the MetO moiety of the protein parkin (an 
E3-ubiquitine ligase) and prompting mitophagy through 
parkin-mediated ubiquitination and its interaction with 
LC3 (a key component of the autophagosomes) (Lee et al. 
2019). This type of signaling depends on the presence 
of damaged mitochondria and the release of the MsrB2 
protein from the mitochondria to the cytosol. Lack or 
inhibition of MsrB2 resulted in a reduced mitophagy and 
increased platelet apoptosis. Supportive evidence for the 
role of MsrB2 in promoting mitophagy is the observed 
correlation between an increased MsrB2 expression 
level in diabetes mellitus and increased level of plate-
let mitophagy, and reduced MsrB2 expression level and 
reduced mitophagy in platelets of Parkinson’s disease 
patients, respectively. Thus, MsrB2 is suggested to play 
an important role in the signaling process that facilitate the 
execution of oxidative stress-related mitophagy.
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Ubiquitin and ubiquitin‑like modifications

Ubiquitin (Ub) and ubiquitin-like (Ubl) modifications are 
part of the Ub/Ubl systems designed to target proteins 
for degradation by the ubiquitin–proteasome system. In a 
continuation of examining the role of the Msr system in 
autophagy and mitophagy (see the above section), the func-
tion of the Msr enzymes within the regulation of ubiqui-
tination and Ubl processes is not clear. The first reported 
data that provided evidence for the involvement of MsrA 
in Ubl processes has been recently provided by Fu et al. 
(2017). These researchers observed that archaeal MsrA pos-
sess a Ubl protein modification activity in the presence of 
the Ubl-activating E1 (UbaA), in the presence of dimethyl 
sulfoxide (DMSO), and in the absence of reductant. Mass 
spectrometry analysis (LC–MS/MS) reveals that the formed 
MsrA-dependent Ubl conjugates are related to proteins that 
are associated with DNA replication, protein remodeling, 
and oxidative stress. These data provide a first glance at the 
specific role of MsrA (among all Msrs) in regulating Ubl 
modification in archaea under oxidative stress conditions.

To determine whether MsrA is involved in protein ubiq-
uitination in mammals, the role of the mouse MsrA was 
investigated. Accordingly, it was discovered that the MsrA 
enzyme mediates the ubiquitination of the 14–3–3 zeta pro-
tein and promotes the binding of 14–3–3 proteins to alpha 
synuclein in brain (Deng et al. 2018). The 14–3–3 family of 
enzymes are involved in a variety of biological processes, 
including dopamine synthesis (through 14–3–3 zeta). The 
importance of MsrA in facilitating the ubiquitination of 
14–3-3 zeta is manifested by the observation that lack of 
MsrA caused an upregulation of 14–3–3 zeta, leading to 
an enhanced dopamine level in the brain (Oien et al. 2008). 
Overall, it was concluded that MsrA-dependent 14–3–3 zeta 
ubiquitination affects the regulation of alpha synuclein deg-
radation and dopamine synthesis in the brain (Deng et al. 
2018).

MsrA plays an important role as a cellular antioxidant and 
promotes cell survival (Oien and Moskovitz 2019). The Ubl 
neddylation pathway, which is regulated by the c-Jun activa-
tion domain-binding protein-1 (Jab1), likewise affects cell 
survival (Zhou et al. 2019). Jab1 negatively regulates expres-
sion of the cell cycle inhibitor cyclin-dependent kinase 
inhibitor 1B (P27) by binding and targeting P27 for ubiq-
uitination and degradation (Tomoda et al. 2002). Recently, 
we showed that MsrA interacts with Jab1 and enhances its 
deneddylase activity (removal of Nedd8) (Jiang et al. 2020). 
Consequently, the level of deneddylated Cullin-1 (Cul-1, a 
component of E3 Ub ligase complexes) was increased. Addi-
tionally, the action of MsrA increased the binding affinity 
of Jab1 to P27, while MsrA ablation caused a remarkable 
increase in the expression of P27 (Jiang et al. 2020). Thus, 
the positive regulation of MsrA on Jab1 function may serve 

to increase cellular resistance to oxidative stress and to pro-
mote cell survival.

Like MsrA, ablation of MsrB3 in mouse embryonic fibro-
blast (MEF) cells caused a decrease in cell proliferation (Lee 
et al. 2014). These MsrB3 KO cells also exhibited higher 
expression levels of the tumor protein 53 (p53), cyclin-
dependent kinase inhibitor p21, and p27 in comparison to 
control cells. These data provide additional evidence for the 
involvement of Msr enzymes in cell-cycle regulation that is 
mediated by the Ub/Ubl -dependent degradation pathways.

Regulation of transcriptional factors based 
on the redox state of methionine

The integration of nitrate from a soil source is an important 
feature that is required for the survival of microorganisms 
and plants. Activation of the nitrate-specific transcription 
factor NirA in Aspergillus nidulans is a process that involves 
both nuclear retention of NirA and its conversion to a func-
tional activator (Gallmetzer et al. 2015). Intracellular nitrate 
or nitrite leads to disruption of the interaction between the 
nuclear export sequence (NES) of NirA and the specific 
exportin KapK, the CRM1 homologue in A. nidulans. Con-
sequently, NirA rapidly accumulates in the nucleus and is 
then able to bind to the UAS (upstream activating sequences) 
of genes involved in nitrate absorption. In the absence of 
nitrate, when NirA is inactive and, predominantly, present 
in the cytosol, Met169 of its nuclear export sequence (NES) 
is oxidized to MetO. This oxidation depends on the activity 
of the enzyme FmoB, a flavin-containing monooxygenase. 
However, exposure of A. nidulans cells to nitrate leads to 
a reduction of NirA-MetO to NirA-Met by a process that 
is independent of the Msr system. Accordingly, it was pro-
posed that in the presence of nitrate, the activation domain is 
exposed and restricts the active NirA protein to the nucleus. 
However, in the absence of nitrate, Met169 is oxidized by an 
FmoB-dependent manner, causing a loss of NirA protection 
by its nitrate regulatory domain (NiRD), leading to the NES 
exposure, and consequently relocating of the inactive NirA 
to the cytosol. These complex events of transcription regula-
tion are examples of the interaction between the accessibility 
of nitrate, methionine oxidation-dependent translocation of 
the NirA to the cytosol, and the transcriptional pathways 
leading to nitrate absorption.

Neuronal activation of c-Jun N-terminal kinase (JNK)/
forkhead boxO(FOXO) transcription factors participate in 
the regulation of growth, metabolism, lifespan, and stress 
resistance in various organisms, including Drosophila 
(Chung et al. 2010). FOXO is regulated by the insulin signal-
ing pathway and the stress-induced JNK signaling pathway. 
Oxidative stress activates JNK that translocates FOXO into 
the nucleus, causing an enhanced expression of antioxidant 
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proteins. Among these antioxidants, the expression of the 
Drosophila’s MsrA was enhanced through the downstream 
signaling mediated by FOXO. As expected, the resulting 
expression of MsrA enhanced the Drosophila’s resistance 
to oxidative stress conditions and increased its survival 
rate. Furthermore, overexpression of MsrA in fat body 
cells caused FOXO to translocate to the nucleus. This latter 
observation suggests that MetO reversal to Met by Msr of 
proteins (including FOXO) promotes FOXO to translocate 
to the nucleus. This possible MetO-dependent regulation of 
FOXO may indicate a feedback relationship between MetO 
and MsrA and the FOXO-related transcriptional regulation 
of genes that are important for the survival of Drosophila.

In bacteria, Ffh (“fifty-four homologue”) protein contains 
a methionine‐rich region that interacts with a small 4.5S 
RNA. This interaction is not directly involved in transcrip-
tional regulation but it is unique and can affect protein regu-
lation. For example, oxidation of the methionine moiety of 
Ffh prevents it from binding to the 4.5S RNA and this func-
tion can be restored by the action of MsrA/B (Ezraty et al. 
2004). In turn, lack of MsrA and MsrB leads to defect in the 
Ffh‐dependent targeting of Maltose/maltodextrin transport 
system permease protein (MalF).

The bacterial HypT (hypochlorite-responsive transcrip-
tion factor) is activated by methionine oxidation to confer 
hypochlorite (HOCl) resistance. When activated, HypT 
regulates target genes and downregulates intracellular iron 
levels. This type of MetO-dependent transcriptional regula-
tion provides bacterial cells the ability to survive under oxi-
dative stress conditions (i.e. elevated HOCl levels) (Drazic 
et al. 2013).

Determinants that affect the expression 
levels of Msr enzymes

The physiological expression levels of the Msr enzymes are 
dependent on various factors. The MsrA expression level 
was shown to be regulated upon exposure of cells to sev-
eral environmental conditions such as: an increase of the 
extracellular level of the MetO and methyl-containing com-
pounds moiety in cultured mammalian cells (Misiti et al. 
2010; Moskovitz et al. 2011; Franklin et al. 2013) stationary 
phase and starvation conditions of bacterial cells (Moskovitz 
et al. 1995), the presence of antibiotics in cultured bacterial 
cells (Singh et al. 2001), changes in UV radiation of human 
skin cells (Ogawa et al. 2006), exposure of human cell cul-
ture to the natural polyphenol resveratrol (Wu et al. 2013), 
and treatment of rats with copper (which also affected the 
expression of MsrB genes) (Zhong et al. 2021). The search 
for transcriptional regulation of MsrA by specific proteins 
revealed that there is a feedback relationship between 
MsrA and MsrB expression levels, as lack of one isotype 

downregulates its counterpart (Moskovitz and Stadtman 
2003; Fomenko et al. 2009). More specifically, two proteins 
were identified in their ability to increase MsrA transcrip-
tional expression: transcription factor FOXO in Caenorhab-
ditis elegans and Drosophila melanogaster. (Minniti et al. 
2009; Chung et al. 2010), and a homologue of elongation 
factor one-gamma (EF-1γ) with thioredoxin (Trx) in yeast 
(Hanbauer et al. 2003; Hanbauer and Moskovitz 2006).

The expression of the MsrB enzymes was also affected 
by environmental conditions, in which some of them share 
similarities with the conditions affecting MsrA expression. 
The information about MsrB transcription regulation in 
the scientific literature is limited, However, like MsrA, the 
expression of MsrB is also affected by antibiotics in bac-
terial cells (Baum et al. 2015) and the transcription level 
of MsrB1 (a selenoprotein) is reduced when mice are fed 
with a selenium-deficient diet (Moskovitz and Stadtman 
2003). In plants, there are several subtypes of MsrA and 
MsrB gene family and their expression levels are changing in 
response to the environmental conditions such as oxidative 
and osmotic stress, mineral availability, light exposure, and 
drought (Rey et al. 2018).

Conclusion

A summary figure of this review illustrates the involve-
ment of MetO and the Msr enzymes in signal transduction 
pathways (Fig. 1). The cellular signaling that are prompted 
by either the action of free MetO, protein-bound MetO, 
or the Msr system, needs further investigation given the 
relatively limited knowledge available in this field. The 
described effects of MsrA/MsrB on cellular/organism 
signaling pathways are based on the demonstrated cor-
relations between their expression and activity levels and 
the observed downstream cellular events. Accordingly, 
more research is needed to explore the complete fashion of 
these effects (i.e., direct or indirect consequences of MsrA/
MsrB expression levels). Nonetheless, the expression and 
function of the MsrA/MsrB enzymes themselves seem to 
be more directly affected through selenium availability 
(for the selenoprotein MsrB1) and by their co-expression 
levels (MsrA and MsrB1 affect each other’s expression 
level). There are several research options that may expand 
our understanding of the processes that are involved in 
MetO/Msr system-related signal transduction pathways. 
For example, studies can focus on the exploration of spe-
cific epigenetics factors as potential signaling factors in 
the expression of phenomena associated with the MetO/
Msr system. Among these factors, genomic methylation 
could play a role in oxidative-stress-related gene regula-
tion that can be affected by the redox status of methionine. 
Because the major methyl donor in the cell is the amino 
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acid methionine, it is predicted that excess level of free 
MetO may reduce the pool of free methionine and thus 
inhibit or change the selectivity of the gene methylation 
process. Furthermore, specific transcriptional factors are 
regulated by their cellular location (i.e., nucleus or cyto-
sol). Therefore, the MetO levels or Ub/ Ubl modifications 
(regulated by the function or compromised function of 
the Msr system) of these factors may affect the cellular 
localization of these transcription factors and consequently 
lead to alterations in the progress of signal transduction 
pathways. Fostering extensive research in this field is 

predicted to provide the foundation for the development 
of new MetO/Msr-based therapies against pathologies 
that are associated with aging and oxidative-stress-related 
diseases.
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Fig. 1  A summary of the identified regulators affecting Msr enzymes 
and related substrate through signal transduction. The identification 
of positive and negative regulators on the expression of Msr enzymes 
(MsrA and MsrB types; Brot et  al. 1981; Moskovitz et  al. 1996; 
Oien and Moskovitz 2008) as follows. Positive regulators: Ultravio-
let radiation (UV) (Ogawa et al. 2006), methionine sulfoxide (MetO) 
(Misiti et al. 2010; Moskovitz et al. 2011), the polyphenol resveratrol 
(Wu et al. 2013), copper (Zhong et al. 2021), the antibiotics Oxacil-
lin (Singh et al. 2001), methyl-containing compounds (Franklin et al. 
2013), transcription factor forkhead box O (FOXO) of Caenorhabdi-
tis elegans and Drosophila melanogaster (Minniti et al. 2009; Chung 
et  al. 2010), a homologue of elongation factor one-gamma (EF-1γ) 
with thioredoxin (Trx) in yeast (Hanbauer et al. 2003; Hanbauer and 
Moskovitz 2006), and the counterpart enzyme for of each type of the 
Msr enzyme (i.e., MsrA or MsrB) (Moskovitz and Stadtman, 2003; 
Fomenko et al. 2009). It is important to note, that not all the factors 
that upregulate MsrA expression were tested for their ability to upreg-
ulate MsrB enzymes. Thus, their specificity towards MsrB should 
be examined. The only identified negative regulator for Msr expres-

sion is selenium that is needed both for the expression and function 
of MsrB1 (Bar-Noy and Moskovitz 2002; Moskovitz and Stadtman 
2003). Following signal transduction events resulting from the reduc-
ing activity of either MsrA or MsrB on their substrates (known and 
yet to be discovered), changes in the function, cellular location, or 
expression of specific proteins or conditions were observed as indi-
cated: Calcium regulation (Erickson et al. 2008; Bigelow et al. 2005; 
Liu et al. 2019); Inflammation (Fan et al. 2015; Singh et al. 2017a, b; 
Lee et  al. 2017, 2020); Glucose homeostasis (Hunnicut et  al. 2015; 
Mochin et  al. 2015); Autophagy and mitophagy (Penningtona et  al. 
2018; Lee et  al. 2019); Ubiquitin/Ubiquitin-like modifications (Ub/
Ubl) in archaea and mouse (Fu et  al. 207; Deng et  al. 2018; Jiang 
et  al. 2020); Transcriptional regulation in various organisms (Lee 
et al. 2014; Gallmetzer et al. 2015; Chung et al. 2010; Drazic et al. 
2013; Chung et al. 2010; Hanbauer et al. 2003; Hanbauer and Mosko-
vitz 2006). CaM calmodulin, CaMKII calmodulin kinase II, Nrf2 
nuclear factor erythroid 2–related factor 2, Jab1 c-Jun activation 
domain-binding protein-1, P27 cyclin-dependent kinase inhibitors: 
P21, P27, P53 Tumor protein P53, LPS Lipopolysaccharide
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