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ARTICLE INFO ABSTRACT

Keywords: Diabetes mellitus is a non-communicable metabolic disease hallmarked by chronic hyperglycemia caused by

Diabetes mfeuitus beta-cell failure. Diabetic complications affect the vasculature and result in macro- and microangiopathies, which

Slutareﬁoxm account for a significantly increased morbidity and mortality. The rising incidence and prevalence of diabetes is a
eta-ce

major global health burden. There are no feasible strategies for beta-cell preservation available in daily clinical
practice. Therefore, patients rely on antidiabetic drugs or the application of exogenous insulin. Glutaredoxins
(Grxs) are ubiquitously expressed and highly conserved members of the thioredoxin family of proteins. They
have specific functions in redox-mediated signal transduction, iron homeostasis and biosynthesis of iron-sulfur
(FeS) proteins, and the regulation of cell proliferation, survival, and function. The involvement of Grxs in
chronic diseases has been a topic of research for several decades, suggesting them as therapeutic targets. Little is
known about their role in diabetes and its complications. Therefore, this review summarizes the available
literature on the significance of Grxs in diabetes and its complications. In conclusion, Grxs are differentially
expressed in the endocrine pancreas and in tissues affected by diabetic complications, such as the heart, the
kidneys, the eye, and the vasculature. They are involved in several pathways essential for insulin signaling,
metabolic inflammation, glucose and fatty acid uptake and processing, cell survival, and iron and mitochondrial
metabolism. Most studies describe significant changes in glutaredoxin expression and/or activity in response to
the diabetic metabolism.

In general, mitigated levels of Grxs are associated with oxidative distress, cell damage, and even cell death.
The induced overexpression is considered a potential part of the cellular stress-response, counteracting oxidative
distress and exerting beneficial impact on cell function such as insulin secretion, cytokine expression, and
enzyme activity.

Redox signaling
Oxidative distress

1. Introduction
1.1. Diabetes mellitus

Diabetes mellitus comprises a group of clinical syndromes charac-
terized by chronic and persistent hyperglycemia caused by defective
insulin secretion and/or insulin resistance. It has a worldwide preva-
lence of around 1 in 10 adults. Uncontrolled diabetes leads to long-term
disturbances in carbohydrate as well as fat and protein metabolism [1].
According to the clinical manifestation, pathophysiology, and etiology,
diabetes mellitus can be classified in different types. The most prevalent
forms are type 1 and type 2 diabetes. In type 1 diabetes the autoimmune
destruction of pancreatic beta-cells results in an absolute deficiency of
insulin. Type 2 diabetes, the most prevalent form of diabetes, is caused

by the interaction of varying degrees of insulin deficiency and tissue
insulin resistance.

During the onset and progression of diabetes, insulin deficiency is
strongly associated with diminished numbers and dysfunction of
pancreatic beta-cells [2]. The unique insulin-producing cells suffer from
the detrimental impact of glucotoxicity as induced by hyperglycemia
[3], lipotoxicity as mediated by hyper- and dyslipidemia as well as
ectopic fat storage [4], and a chronic inflammatory state [5].

Despite decades of diabetes research, no feasible strategies for beta-
cell preservation are available in daily practice, indicating the necessity
to identify novel therapeutic targets.
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1.2. Redox signaling and mammalian glutaredoxins

Many clinical risk factors have been linked to promote oxidative
distress, a contributing factor to the onset and/or progression of every
major disease [6,7]. It was originally defined as an imbalance between
oxidants and antioxidants with increased levels of reactive oxygen
species (ROS) leading to irreversible oxidation of biomolecules, cell
damage, and cell death. Interestingly, when thioredoxins (Trxs) and
glutaredoxins (Grxs) were originally discovered, they were described as
electron donors, i.e., reductants, for ribonucleotide reductase in E. coli
[8,9]. Trxs and Grxs are often referred to as antioxidants acting in the
cellular defense against oxidants. However, research of the last decades
has shown that i) hydrogen peroxide (H205), hydrogen sulfide (HS),
and nitric oxide (NO) act as second messengers in redox-mediated signal
transduction and that ii) Trxs and Grxs are key regulators of specific and
reversible redox reactions that are linked to specific cellular functions
such as proliferation, differentiation, and metabolism [10-12]. As such,
the regulation of reversible, posttranslational Cys modifications or
so-called thiol switches as part of redox signaling has been defined as
oxidative eustress. The dysregulation or disruption of physiological
redox signaling has been re-defined as oxidative distress (reviewed in
Refs. [11,12]).

1.2.1. Structure and physiological role of mammalian glutaredoxins

In the 1970s, Glutaredoxin (Grx) was discovered as glutathione
(GSH)-dependent oxidoreductase, first in E. coli [9,13] and a few years
later in calf thymus [13]. Grxs belong to the Thioredoxin (Trx) protein
superfamily, which shares the classical structural motif known as the Trx
fold, consisting of four-stranded p-sheets surrounded by three a-helices.
They share a common active site motif Cys-X-X-Cys/Ser [14] and bind
GSH [15]. Based on the number of active site cysteine residues, Grxs can
be divided into the classical dithiol/class I (Cys-X-X-Cys) and
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monothiol/class II (Cys-X-X-Ser) proteins [16]. The latter can further be
subdivided into single- and multi-domain Grxs [17]. Note, that the
classification and diversity of Grxs, based on the number of active site
Cys residues, but also structural differences including catalytic proper-
ties, ability to bind iron-sulfur (FeS) cofactors, and on the basis of
phylogenetic analysis varies in different organisms such as bacteria,
yeast, plants, and mammals [18-22]. Here, we focus on the mammalian
Grxs and will exclusively use the terms dithiol and monothiol Grxs. They
are ubiquitously expressed and their tissue- and cell type specific dis-
tribution has extensively been studied in mouse [23]. The human redox
atlas does not contain the distribution of Grxs, however, includes
glutathione reductase (GR) and y-glutamyl cysteinyl synthase (g§GCS),
the rate limiting enzyme in GSH synthesis, which are important for Grx
function [24].

Dithiol Grxs function as oxidoreductases and donate electrons to
different metabolic pathways. Two distinct but functionally related
catalytic mechanisms have evolved (Fig. 1). In the dithiol mechanism or
disulfide exchange reaction, Grx catalyzes the reduction of disulfide
bonds within specific substrate proteins, thereby regulating protein
function and participating in redox-mediated signal transduction.
Briefly, the N-terminal active site Cys initiates a nucleophilic attack on
the target disulfide, leading to the formation of a covalently bound
mixed disulfide between Grx and the substrate (intermediate state),
which is then reduced by the C-terminal active site Cys. For the reduc-
tion of Grx, electrons are delivered by NADPH via GR and 2 molecules of
GSH. Under certain conditions Grx can also accept electrons from thi-
oredoxin reductase (TrxR) [25]. In the monothiol mechanism or the
de-glutathionylation reaction, the N-terminal active site Cys initiates a
nucleophilic attack on the glutathione moiety of its glutathionylated
substrate (substrate-S-SG). This leads to the reduction of the substrate
and the formation of a mixed disulfide between Grx and GSH (Grx-S-SG),
which is reduced by another GSH molecule. This process requires two
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Fig. 1. Structure and enzymatic activity of human Grxs. 4 Grxs have been described in humans. The dithiol Grx1 encodes the CPYC active site and does not
coordinate an FeS cluster. It catalyzes the monothiol (upper reaction) and dithiol (lower reaction) mechanisms with electrons donated from NADPH and glutathione
(GSH), which is reduced by glutathione reductase (GR). The dithiol Grx2 encodes the CSYC active site and coordinates a 2Fe2S cofactor. The dimeric holo-protein is
enzymatically inactive. The apo-protein catalyzes monothiol and dithiol reaction mechanisms. The monothiol Grx3 contains 3 domains including two Grx domains
that contain the monothiol CGFS active site. Both domains coordinate a 2Fe2S cluster and form a dimer. The monothiol Grx5 also forms a dimer. It possesses the
CGFS active site motif and coordinates a 2 Fe2S cluster. Both monothiol Grxs are enzymatically inactive.
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distinct GSH interaction sites: one for the interaction with the
substrate-S-SG and another one for the efficient reduction by GSH [26].
Grx can also catalyze the glutathionylation of proteins, depending on
cellular concentration and redox potential of reduced (GSH) and
oxidized (GSSG) glutathione. Upon the transient increase in GSSG, Grx
catalyzes protein glutathionylation at the expense of oxidized gluta-
thione [27].

Monothiol Grxs lack the C-terminal active site Cys and are not only
incapable of catalyzing the dithiol, but also the monothiol mechanisms
[16,28]. The N-terminal active site Cys residue coordinates and transfers
FeS cofactors and is thereby involved in iron metabolism and homeo-
stasis [17,29-31]. This can be explained by looking at structure-function
relationships. A distinct loop structure adjacent to the active site and the
orientation of the active site phenylalanine affect the i) orientation and
reactivity of the GSH molecules and as a consequence ii) the ligation and
orientation of the FeS cofactor and iii) the conformation of the hol-
o-protein [27].

1.2.2. Glutaredoxin 1

The dithiol Grx1 is located in the cytoplasm and in the mitochondrial
[32] as well as nuclear intermembrane space [33]. It was also found
extracellularly, indicating secretion [33]. It regulates proteins and
signaling pathways involved in cell survival, death, and proliferation via
reversible glutathionylation, including mitochondrial complex I [34],
ASK-1/SEK-1/JNK-1 [35], NF-xB [36-40], GAPDH/Sirtuin-1 [41],
Akt-FoxO [42-44] and protein tyrosine phosphatase 1B (PTP1B) [45].
Grx1 has been shown to attenuate apoptosis following elevated levels of
H,02 and protein carbonylation induced by high glucose in vascular
endothelial cells (EC) [39,40], as well as high glucose-induced cardiac
matrix metalloproteinase-induced cardiotoxicity [46], and cardiac
ischemia/reperfusion injury [44]. Grx1 has been shown to be neuro-
protective, whereas its upregulation in microglia promotes proin-
flammatory cytokine production [47]. In addition, Grx1l can maintain
copper homeostasis and prevent copper-mediated oxidative damage
through deglutathionylation of copper-transporting ATPases [48].

1.2.3. Glutaredoxin 2

The dithiol Grx2 exhibits three splice variants in humans, namely
Grx2a (mitochondrial), Grx2b, and Grx2c (nucleus and cytoplasm)
[49-51]. It shows a 36% sequence identity with Grxl and can be
reduced by both GSH/GR and the Trx/TrxR system [52]. Grx2a is
expressed in several tissues, while Grx2b and Grx2c are exclusive to
testis and tumor cells [49]. Grx2 has been shown to regulate multiple
signaling pathways including Ras/PI3K/Akt, JNK/AP-1, NF-xB [37],
and Glycogen Synthase Kinase 3 Beta (GSK-3f) [53]. In HeLa cells,
overexpression of Grx2 reduced apoptosis sensitivity [54], and its
silencing had opposite effects [55]. Grx2 knockout mice develop cardiac
hypertrophy, hypertension, and premature age-dependent cataracts [56,
57]. In the mitochondrial Grx2-depleted mice, increased body weight,
elevated plasma free fatty acid (FFA) levels, impaired hepatic glycogen
synthesis, and abnormal mitochondrial structure and function were
observed [58]. Overexpression of the protein protected mice against
doxorubicin-induced cardiotoxicity [59], renal ischemia and reperfu-
sion damage [60], and neuronal apoptosis [61]. Potential
disulfide-substrates of Grx2 were identified in different murine tissues or
human HelLa cells using the intermediate trapping approach. The iden-
tified proteins included 7 metabolic enzymes Arginase (identified in
liver), GAPDH (identified in brain), Glycine N-methyltransferase
(identified in liver), Inosine-5-monophosphate dehydrogenase 2 (iden-
tified in HeLa cells), D-3-phosphoglycerate dehydrogenase (identified in
HelLa cells), Enoyl-CoA hydratase (identified in liver) and UDP-N-ace-
tyl-a-p-galactosaminyltransferase 7 (identified in testis). Using immu-
noprecipitation, the interaction of Grx2 and GAPDH was verified in
HelLa cells, overexpressing Grx2c [62].

Mitochondria synthesize ATP via oxidative phosphorylation. Inter-
estingly, complex I is a major source of mitochondrial ROS, and
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glutathionylation of complex I has been shown to inhibit its activity and
increase superoxide production [63]. Grx2 regulates the mitochondrial
respiratory chain by the reversible glutathionylation of complex I [64],
which Beer et al. saw as a response to the oxidation of the mitochondrial
GSH pool [65]. The activity of complex I in the lens of Grx2 knockout
mice was only 50% of the control group with a 10% reduced ATP pool
[571.

In contrast to Grx1l, the active site of Grx2 is Cys-Ser-Tyr-Cys,
ensuring different biochemical properties [66]. Grx2 can form
2Grx2-[2Fe-2S]-2GSH dimers. GSH is in constant exchange with the free
pool of GSH. Therefore, cellular redox changes in the GSH pool regulate
the oxidoreductase activity of Grx2, which has been described as a redox
sensor [66,67]. Deletion of Grx2 causes a decrease in the mRNA
expression of several FeS proteins serving as subunits of complex I,
namely NADH dehydrogenase FeS protein 3, 7, and 8, a decline in the
content of bound iron in liver mitochondria, and a corresponding in-
crease in lipid peroxidation products [58].

1.2.4. Glutaredoxin 3

The monothiol Grx3 protein is located in the cytosol under reducing
conditions and translocates to the nucleus when exposed to Hy05
[68-70]. It is known as protein kinase C (PKC)-interacting cousin of Trx
(PICOT) with the ability to interact with the protein kinase C0 subunit
(PKCO) and PKC. Previous research has shown that Grx3 overexpression
suppresses the activation of the JNK/AP-1 and NF-kB pathways in T-cells
[68]. There is also evidence that Grx3 is involved in PKC6O-independent
biological functions [71]. Grx3 contains three highly conserved do-
mains, including an N-terminal Trx homology domain and two Grx
homology domains, also known as PICOT homology domains, which
belong to the multidomain monothiol Grx [72,73]. However, the Grx3
active site lacks a Cys and thus does not possess the classical Trx or Grx
catalytic activity [16]. It was reported that Grx3 is upregulated in hy-
pertrophic cardiomyocytes to enhance cardiomyocyte contractility and
inhibit cardiac hypertrophy [74-76]. It plays a role in the biological
process of embryogenesis [77,78] and is significantly increased in many
human cancer types such as lung cancer, breast cancer, and colon cancer
[79-81]. Nuclear-targeted Grx3 overexpression enhances the cellular
resistance to diamide and mitigates thiol oxidation [70]. Grx3 knock-
down results in inhibition of Ataxia telangiectasia and Rad3 related
(ATR)-dependent signaling pathways that promote DNA damage repair
[82]. Note that Grx3 has also been described as FeS protein. It can form a
2Grx3-2[2Fe-2S]-4GSH dimer [83], utilizing both active site Cys resi-
dues within the two monothiol Grx domains and four molecules of GSH
[83]. Further research showed that in HeLa cells with Grx3 knockdown,
the content of cellular iron increased and the activities of various
iron-dependent proteins (cytochrome c oxidase, ferrochelatase, succi-
nate dehydrogenase, and mitochondrial aconitase) decreased, suggest-
ing that the absence of Grx3 makes the absorbed iron ineffective,
indicating that Grx3 plays a central role in cellular iron homeostasis
[84].

1.2.5. Glutaredoxin 5

The biogenesis of cellular FeS proteins is the most basic and minimal
function of mitochondria [85]. Grx5 is a mitochondrial single-domain
monothiol FeS protein [30,86-88] and central part of the complex and
highly conserved mitochondrial FeS cluster assembly machinery
(reviewed in e.g. Refs. [89,90]). Briefly, Grx5 acts as an intermediate
FeS cluster carrier. It receives de novo synthesized [2Fe-2S] clusters
from scaffold proteins and transfers them to target apoproteins, a pro-
cess which is well-orchestrated by a myriad of factors [85,87].

The knockdown of Grx5 in HelLa cells resulted in mitochondrial iron
overload and reduced cytosolic iron levels, and knockdown of Grx5 in
erythrocytes resulted in the decreased expression of ferritin, delta-
aminolevulinate synthase 2, and ferrochelatase [30]. In addition, Grx5
can also form clusters with the BolA-like protein family in the cytoplasm
and plays a role in the maturation of FeS proteins [91]. [2Fe-2S] in
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BolA1-Grx5 may be part of the electron transfer process, but is not
suitable for FeS transport [92]. [2Fe-2S] BolA3-Grx5 heterocomplexes
may be more prone to FeS cluster transport [91]. Mutations in BolA3
cause hyperglycemic metabolic acidosis and deficiency of respiratory
complexes and lipoic acid-conjugating enzymes [93]. To date, multiple
cases of two distinct phenotypes, including sideroblastic anemia and
variant non-ketotic hyperglycinemia, caused by mutations in the Grx5
gene have been reported [94-100]. Furthermore, an impaired FeS
cluster synthesis causes increased intracellular iron and ROS, including
superoxide (0%), H203, and the hydroxyl radical (HOs) via the iron
starvation response and the Fenton reaction, potentially initiating fer-
roptosis (as reviewed in Refs. [88,101]). This oxidative, non-apoptotic
cell decay is caused by lipid peroxidation and subsequent plasma
membrane rupture [102]. Consequently, the inhibition of Grx5 renders
cancer cells resistant to chemotherapeutic agents more susceptible to
ferroptosis [103].

In summary, Grxs are essential for a broad range of cellular pathways
and functions. Little is known about their significance for the pancreatic
beta-cell and in diabetes mellitus with its complications. Therefore, the
purpose of this review is to give an overview of the available literature.

2. Literature search

The search of literature was conducted on PubMed and was last
revised on the 3" of December 2023. The search term “(glutaredoxin*
OR grx OR glrx OR thioltransferase) AND (diabetes OR islet* OR “beta
cell*” OR pancreatic OR pancreas OR neuropathy OR nephropathy OR
retinopathy OR “kidney disease”)” yielded a total of 108 primary arti-
cles. The publication dates ranged from February 1985 to October 2023.
After screening the available literature, 30 publications were relevant to
this review, among which 6 were about Grxs and beta-cells, 12 about
Grxs and diabetic cardiovascular complications, 4 about Grxs and dia-
betic retinopathy or cataract, 2 about Grxs and non-alcoholic fatty liver
disease, 3 about Grxs and diabetic nephropathy, and 2 about Grxs and
diabetic central nervous system complications. Exclusion criteria were:
no suitable topic (60 exclusions), non-English writing (1 exclusion),
reviews with no primary data (16 exclusions), and no full text available
(1 exclusion). Fig. 2 shows the flow chart of the literature search. A list of
all screened articles is provided as supplementary material.
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3. Glutaredoxins in diabetes mellitus and its complications
3.1. Glutaredoxins and pancreatic beta-cells

Pancreatic islets are among the tissues with the highest metabolic
activity [104,105]. The synthesis, storage, and release of insulin by
pancreatic beta-cells is highly dependent on mitochondrial oxidative
metabolism [2]. Especially under diabetic conditions, hyperglycemia,
free fatty acids, and inflammatory cytokines all contribute to an increase
in ROS production at high metabolic activity levels through multiple
pathways [106,107]. The expression level of classical antioxidant en-
zymes, such as superoxide dismutase, glutathione peroxidase, and
catalase is low in the pancreas when compared with other tissues [106,
108]. However, the mammalian Grx1, 2, 3, 5 and GR are differentially
expressed in the Islets of Langerhans [23,109-113]. Godoy et al. were
the first authors to systematically screen mouse tissues for redoxin
expression. Accordingly, they described a strong expression of especially
Grx1, 2 and 5 in the murine pancreas in their redox atlas of the mouse.
Grx3 exhibited a nuclear localization pattern. Note, that also
gamma-glutamylcysteine synthetase, the rate limiting enzyme in GSH
synthesis, is highly expressed in the pancreatic beta-cells [114]. More
detailed data is barely available. For Grx1, a higher mRNA expression
was found in pancreatic beta-cells when compared with islet
non-beta-cells and brain, lung, liver, adipose tissue, kidney, and skeletal
muscle in rats. Grx1 protein is highly expressed in the islets, INS1-cells
(rat insulinoma cells) and brain [115]. In pancreatic beta-cells, Grx1 is
primarily found in the cytosol near the cell membrane [116].

Grxs are crucial for the maintenance of the cellular redox state but
are also essential actors in many cellular functions beyond oxidative
eustress. Previous studies from our group found a distinct protein and
mRNA expression of Grxs in the islets of diabetic obese homozygous db-
mice and non-diabetic lean control animals [113]. The most pronounced
difference was detected for Grxl and 5 [110,111]. Diabetic animals
presented a loss of islet Grx1 and 5 when compared with controls, and
there is also evidence that islet Grx5 and insulin, which are reduced by
high fat diet (HFD), can be restored when switching to control diet. This
mitigated Grx expression correlated with the diabetic phenotype of the
animals and an increased production of HyO3 in their islets. Grx1 protein
and mRNA expression in db/db-mouse islets were positively connected
with islet count but negatively correlated with islet size and

108 articles retrieved from PubMed database

Articles excluded

No suitable topic 60
No primary data 16

Articles included
30

Distribution of Grxs

Distribution of model

11
6

Grx1 24 Cell culture

Grx2 1 Animal

Grx3 1 Cell culture + animal
Grx5 2 Clinical

Grx1+2 1

Grx1+5 1

Non-English language 1
No full text available 1

6

30 articles included in total

Fig. 2. Overview of the literature search on PubMed.
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proliferation rate [111]. It is thus tempting to speculate that Grx1 has
anti-apoptotic and pro-proliferative effects in pancreatic islets. A po-
tential impact on glucose metabolism was indeed detected in Grx1l
knockout mice [117,118]. Shao et al. found that compared with wild
type (WT) mice, Grx1 ™/ -mice developed glucose intolerance and in-
sulin resistance at 8 months of age when fed a standard diet [118].
Moreover, Wohua and Weiming reported that Grx2 knockout mice also
showed significant insulin resistance, not only with elevated fasting
blood glucose and fast insulin but also with considerably increased
measurements in oral glucose tolerance (OGTT) and insulin tolerance
testing (ITT) compared to WT mice when fed with HFD [53].

It is known that a high NADPH/NADP™ ratio caused by the pentose
phosphate route [119], the cytosolic or mitochondrial citrate-pyruvate
cycle [120,121], and the NAD"' kinase pathway [122] as well as
experimental supplementation [115] enhances Ca®>" and ATP-mediated
insulin exocytosis in beta-cells [115]. Remarkably, this can be enhanced
by exogenous supplementation or endogenous overexpression of Grx1 as
shown in rat islet beta-cells and INS-1832/13-cells and inhibited by
Grx1 silencing [115,116]. Earlier studies found that parallel to the
increased NADPH/NADP™ ratio, glucose enhanced the GSH/GSSG-ratio
by increasing GSH and decreasing GSSG levels in a dose-dependent
manner in isolated rat pancreas [123], and exogenous GSH increases
glucose-induced insulin secretion in isolated rat pancreas in a
dose-dependent manner [124]. In recent years, clinical trials have found
that oral GSH supplementation can benefit the function of beta-cells in
diabetic patients, enhance insulin secretion, and reduce HbAlc [125,
126]. Since Grx1 requires GSH as a cofactor, a high GSH environment
may increase Grx1 activity.

The available data imply that Grx1 is an important factor for insulin
secretion. Since Grxs were downregulated in murine models of diabetes
and cell culture exposed to fatty acids, it can be speculated about a link
between Grx-deficiency and the impaired secretory machinery of the
beta-cell. Grxs are involved in complex cellular networks and pathways.
It is thus unclear whether the loss of Grxs simply reflects cellular stress
and/or damage in general, and whether treatment approaches aiming to
maintain Grx concentration and/or activity have impact on the complex
cellular redox system and eventually on the endocrine function of the
beta-cell. The literature research did not reveal in vivo treatment studies
employing a reconstitution of Grxs in diabetes. Data are summarized in
Table 1.

3.1.1. Glutaredoxin-regulated pathways and mechanisms in the beta-cell
Grx1 regulates several critical proteins and processes involved in cell
survival and death via deglutathionylation, such as Fas, caspase-3, PKC-

Table 1
Overview on Grxs and beta-cell/islet function in diabetes.

Redox Biology 71 (2024) 103043

alpha, inhibitor of nuclear factor kappa-B kinase subunit beta (IKKp),
NF-kxp, Adenosine monophosphate-activated protein kinase (AMPK),
PTP1B, and aldose reductase (as reviewed in Ref. [127]). These thiol
switches have been identified, however, not fully characterized in the
context of beta-cell pathology. The available data on the current
knowledge will be summarized. Please refer to other review articles that
address their general significance for diabetes, including the pancreas
and other metabolic organs [128-132].

3.1.1.1. PTP1B. PTP1B inhibits the insulin signal transduction through
dephosphorylation of insulin receptor [133] and insulin receptor sub-
strate [134]. Silencing of PTP1B increases the proliferation rate and
glucose-stimulated insulin secretion of beta-cells [135].

Interestingly, the active site Cys215 can undergo different types of
oxidative modifications that can inhibit its catalytic activity reversibly
or irreversibly [136]. A mutation of its active site Cys residue renders
PTP1B catalytically inactive [137]. Recombinant PTP1B inactivated by
diamide/GSH or GSSG can be reactivated by Grx1 [45], indicating that
inhibiting Grx1 can suppress the activation of PTP1B and indirectly
inhibit insulin transduction. Further research is required to elucidate the
interaction of PTP1B and Grx1 in beta-cells in vivo. As Agrawal et al.
summarized in a current review, PTP1B inhibitors have the potential to
be used as antidiabetic agents [138]. Oxidative modifications of the
enzyme might possibly interfere with the binding of PTPB1 inhibitors.

3.1.1.2. PKC. PKC-alpha promotes insulin secretion by maintaining
calcium channels [139]. The activation of the PKC pathway can inhibit
apoptosis of beta-cells [140]. PKC is inactivated upon glutathionylation
and Grx1 has been shown to restore its function [141]. It is tempting to
speculate about a possible link between Grx1 and the preservation of
beta-cell function, which has not yet been studied.

3.1.1.3. NF-xB. The NF-xB signaling pathway includes the canonical
pathway mediating inflammatory responses as well as non-canonical
pathways involved in immune cell differentiation and maturation and
secondary lymphoid organogenesis [142]. In pancreatic beta-cells, both
signaling pathways can be activated and interact with each other [143].
Anti-apoptotic and pro-apoptotic functions of NF-xB in beta-cells have
been described, partly depending on the species. The non-canonical
NF-kB pathway has been shown to be pro-apoptotic and pro-in-
flammatory in pancreatic beta-cells when activated by cytokines [144].
It has been reported that the IKKB/NF-kB pathway is involved in
non-esterified fatty acids (NEFA)-induced beta-cell dysfunction [145].

[23] 2011 Godoy et al. Mouse pancreas

Grx1, 2, 3 and 5, and gGCS are expressed in pancreatic tissue; Grx1, 2, 5, and gGCS: strongest expression

Grx3 and 5: nuclear staining pattern

[115] 2005 Ivarsson et al. ~ Rat islets and INS1-cells

Grx1 is highly expressed

[111] 2017 Petry et al. db/db islets

Grxl1, 2, 3,5 | ROS

[110] 2018 Petry et al. MING6-cells + hypoxia Grx5 |
[112] 2022 Petry et al. C57BL/6 + HFD islets Grx5 |
MING6 + oleic/palmitic acid Grx5 |

[118] 2017 Shao et al. C57BL/6NJ Grx1 ™/~ mice

glucose intolerance? insulin resistance 1

[53] 2019 Wohua and C57BL/6 Grx2~/~ mice + HFD

Weiming

blood glucose 1 insulin resistance 1

[115] 2005 Ivarsson et al. ~ Rat beta-cells, Grx1

NADPH-dependent insulin secretion 1

[116] 2009 Reinbothe INS-1832/13 cells/primary rat islets with ~ GSIS |
et al. Grx1-siRNA
INS-1832/13 + Grx1-OE GSIS 1

gGCS: y-glutamyl cysteinyl synthase; HFD: high fat diet; OE: overexpression; 1: increase; |: decrease.
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Inhibition of IKKp activity in P. obesus protects against diet-induced
diabetes and decreases IL-1p induced ROS detected by employing the
2/,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) method (mainly
HOe, H30,, and the peroxynitrite anion [ONOO ]/radical [ROOe]
[146]), loss of insulin production, and beta-cell death in vitro [147].
Beta-cell conditional-specific blockade of NF-kB can protect beta-cells
from streptozotocin (STZ)-induced diabetes [148].

However, there is also evidence for a protective effect of NF-kB on
beta-cells. Studies suggest that its activation can inhibit cytokine-
induced insulin secretion defects and beta-cell death [149-151],
induce the activation of the major anti-apoptotic gene A20 in beta-cells
[152], and that overexpression of the NF-xB subunit c-Rel in human
islets prevents caspase 3 activation and cell death triggered by cytokines
and STZ [153]. Inhibition of NF-kB expression in beta-cells accelerated
the development of autoimmune diabetes in non-obese diabetic (NOD)
mice [154]. Our group found that cytokine-induced NF-kB activation
had no effect on islet-cell viability under normoxic conditions but had a
significant pro-apoptotic effect under hypoxic conditions [155].
Beta-cells become hypoxic under diabetic hypermetabolic conditions
[156], which increases apoptosis by cytokine-induced NF-kB activation,
suggesting that the function of NF-xB in beta-cells depends on its acti-
vator and cellular environment. We have reported a decreased protein
level of Grx5 in MIN6-cells exposed to hypoxia [110], and Grx1 is
positively regulated by NF-kB in macrophages and lung epithelial cells
[157]. However, the regulation of NF-kB by Grx1 in pancreatic beta-cells
is poorly understood.

3.1.1.4. AMPK. AMPK plays an important role in the pathogenesis and
treatment of diabetes [158]. The main functions of AMPK include pro-
moting the uptake of glucose and fatty acids in peripheral tissues,
inhibiting the synthesis of fatty acids and glycogen, promoting glucose
metabolism, and improving insulin resistance [159,160]. In beta-cells,
AMPK is essential for mitochondrial synthesis and cell maturation
[161,162]. Although some available data suggest that AMPK mitigates
insulin secretion from human and murine islets and MIN6-cells [162,
163], it is generally acknowledged that the activation of AMPK can
reduce inflammation and counteract oxidative distress, promote the
survival of beta-cells, improve insulin sensitivity and glucose homeo-
stasis thereby ameliorating glucose homeostasis [164].

Dong et al. found that both oxidative distress and inhibition of ROS
can activate AMPK [165]. In rats, which were rendered diabetic by a
combination of HFD and STZ, phosphorylated AMPK was increased. The
antioxidant agents apocynin and allopurinol counteracted the detri-
mental impact of cytosolic HO while activating Grx1 and 2 and AMPK.
Additionally, the upregulation of both Grxs was accompanied by an
increased phosphorylation of AMPK. Silencing of Grx1 and 2 resulted in
the loss of phosphorylated AMPK.

Further experiments indicate a reciprocal and dose-dependent rela-
tionship between H,0; and Grx1 and 2. 10 pM of H,0, activated AMPK
in an AMP-dependent manner, but 1 mM impaired both AMPK and Grx1
and 2 activity.

In addition, Dong et al. also found that Grxl and 2 silencing
decreased intracellular phosphofructokinase (PFK)-1, pyruvate kinase,
and the phospho-PFK-2/PFK-2 ratio, indicating that Grx1 and 2 might in
this way take effect on glucose metabolism.

3.1.1.5. FeS clusters. FeS clusters are essential to fundamental biolog-
ical reactions [93]. In pancreatic beta-cells, FeS clusters are involved in
the translation of proinsulin [166,167] and contribute to the synthesis of
ATP as part of the respiratory complexes, which play an important role
in the metabolic coupling mechanism of glucose-stimulated insulin
secretion [168]. Both FeS proteins Grx3 and Grx5 are involved in the
biosynthesis and assembly of FeS clusters [83,86,88,169,170]. Our
group found a decreased Grx5 mRNA expression in islets of ageing
diabetic and obese homozygous db- and control mice with the decline in
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diabetic mice being more pronounced [111]. Godoy et al. had previously
described a nuclear location pattern in their redox atlas of the mouse
[23] which was persistent in lean mice but markedly less distinct in
diabetic db-animals [110]. In theory, this might indicate a shift of Grx5
into the mitochondria.

Subsequent research indicated that a HFD could induce islet Grx5
depletion, a significant increase in ROS generation measured by DCFH-
DA, and a mitigated insulin secretion in islets of C57Bl/6 mice, along
with a diabetic and obese phenotype and increased circulating FFAs.
Remarkably, the islet Grx5 content and the described metabolic de-
viations could be restored by a carbohydrate-rich rescue diet [112].

In vitro, the exposure of MIN6-cells to FFAs resulted in a decrease in
Grx5 accompanied by a decreased insulin secretion, which was consis-
tent with altered mitochondrial markers, i.e. ATP levels and the O,-flux
through the respiratory chain [112]. This study suggests that mito-
chondrial dysfunction induced by lipotoxicity may be the potential
mechanism between the loss of Grx5 in islets and the decrease of insulin
secretion.

3.1.1.6. Iron homeostasis and ferroptosis. Bruni et al. have shown that
human pancreatic islets are susceptible to ferroptosis by the induction
with Erastin, which resulted in a decline of viability as assessed by
lactate dehydrogenase release. Inhibition by Ferrostatin-1 rescued islet
function [171]. There are case reports linking human Grx5-deficiency
with diabetes mellitus through an impaired iron metabolism with
cellular iron overload [94,97]. Taken together, the presence of ferrop-
tosis provides a possible mechanism for beta-cell death. Data on Grxs
and ferroptosis is limited. Lee et al. reported an increased susceptibility
of cancer cells to ferroptosis through inhibition of Grx5 [103], and
another study found a protection of ferroptosis concomitant with an
upregulation of Grx1 and 2 by a small molecule in the lens [172], but
there is no data on the beta-cell. Since the number of publications on
ferroptosis in the beta-cell is increasing [173-176], insights in the role of
Grxs are expected.

3.2. Glutaredoxins and diabetic complications

The main cause of morbidity and mortality from diabetes is long-
term damage to the vasculature, resulting in macro- or micro-
angiopathies. Typical clinical manifestations are diabetic nephropathy,
retinopathy, and neuropathy, but also myocardial infarctions, stroke,
heart failure, and cognitive impairment [177].

Via the activation of the polyol, PKC, and hexosamine pathway,
increased formation of advanced glycation end products and mito-
chondrial dysfunction, chronic hyperglycemia causes increased ROS
production, which is an important mediator of these diabetic compli-
cations [178].

3.2.1. Diabetic cardiomyopathy

Diabetes-related cardiovascular disease is the leading cause of death
in people with diabetes, mainly including coronary artery disease and
myocardial infarction caused by macrovascular lesions. Further, heart
failure caused by diabetic cardiomyopathy (DCM) is a common
complication [179]. The main pathological mechanism of DCM includes
chronic hyperglycemia, hyperinsulinemia, and insulin resistance [180]
inducing cardiac hypertrophy and myocardial fibrosis [181]. Grx1 was
considerably increased in the left ventricular myocardium and plasma of
diabetic rats induced by STZ and a HFD, but GR and protein thiol levels
were decreased [46,182]. Qi et al. suggest that Grx1, which is highly
expressed in cardiac fibroblasts under high glucose levels, might coun-
teract the occurrence of DCM by inhibiting the expression of matrix
metalloproteinase-2 and -9 and the activation of the NF-xB signaling
pathway in cardiac rat fibroblasts [46]. This hypothesis is based on a
decreased mRNA expression of both TNF-a as well as NFkB in
Grx1-treated cells compared with high glucose-treatment. Further
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confirmatory research is required. The upregulation of Grx1 might be
seen as an adaptive response to oxidative distress which can alleviate the
challenge. As GR declines, the function of the Grx system may be
impaired.

The Na®™/K' pump plays an important role in cell ion homeostasis,
electrical signaling, and membrane transport function. Its activity is
decreased in the ventricular myocardium and peripheral nerves of STZ-
induced diabetic rats [183]. There is evidence indicating a correlation
between reduced Na'/K' pump activity and the development of
persistent hyperglycemia, DCM, retinopathy, and neuropathy in this
animal model as well [184-187]. Further studies revealed that the
Na®/K" pump’s activity is regulated by glutathionylation of its
Bl-subunit [188]. Protein deglutathionylation is associated with
increased binding of the Na®*/K" pump to Grxl, as demonstrated by
co-immunoprecipitation of Grxl with its pl subunit [189]. Karimi
Galougahi et al. found that hyperglycemia induced by continuous sub-
cutaneous infusion of the insulin receptor antagonist S961 in male New
Zealand white rabbits reduced this co-immunoprecipitation of Grx1 and
Bl subunits in cardiomyocytes and increased the Na'/K" pump p1
subunit glutathionylation, inhibiting the ion flux. The f3-adrenoceptor
agonist CL316243 restored both the pump and the
co-immunoprecipitation with Grx1 in a state of hyperglycemia [190].
However, as Black comments, the exact significance of Grx1, its relo-
cation and the translational potential of the p-adrenoreceptor is still
unclear [191].

Moreover, Coenzyme Q10 (CoQ10) was shown to prevent diabetic
cardiac complications. In the left ventricle of STZ-induced diabetic mice,
NADPH oxidase and markers for oxidative distress, such as O2e-, were
upregulated, resulting in left ventricle diastolic dysfunction and car-
diomyocyte hypertrophy. After 8 weeks of treatment with intraperito-
neal injection or oral CoQ10 supplementation, NADPH oxidase-driven
oxidative distress, inflammation, and apoptosis were attenuated, dia-
stolic function was improved, and cardiac remodeling was limited in the
left ventricle myocardium of diabetic mice compared with controls. It is
suggested that CoQ10 supplementation can be used as an adjuvant
treatment for DCM [192,193]. Grx1 was shown to catalyze the reduction
of CoQ10 by GSH in a small cohort [160]. In patients suffering from type
2 diabetes, CoQ10 plasma levels were elevated and accompanied with
lower Grx1 activity [194]. Oral administration of CoQ10 resulted in
decreased extracellular Grx1, increased intracellular Grx1 protein and
mRNA, and decreased serum Grx1 activity and total antioxidant ca-
pacity [195]. This is consistent with a higher plasma Grx1 activity in
human patients with abnormal blood glucose levels or type 2 diabetes
when compared with healthy subjects [196]. Plasma Grx1 activity may
thus reflect the response to oxidative distress. Since there is no data
indicating a general benefit from CoQ10 supplementation, the relevance
of its impact on Grx1 does not appear to have clinical implications so far,
at least for a duration of 12 weeks. Further, the authors report no dif-
ference between the studied subgroups (type 1 and type 2 diabetes,
subjects treated with a statin).

3.2.2. Coronary artery disease

Grx1 was found to be expressed in human coronary arteries and in
macrophages infiltrating atherosclerotic lesions. In human coronary
artery smooth muscle cells, HoO5 led to a significant increase in the
expression of Grxl. In human coronary arteries, an enhanced Grx1
expression correlated with increased ROS [197].

Protein S-glutathionylation (PrS-SG) was found to be significantly
increased in vascular EC isolated from type 2 diabetic patients compared
with non-diabetic patients [198]. Exposure of human aortic EC to high
concentrations of glucose and palmitic acid induced endothelial PrS-SG
and EC dysfunction. Interestingly, the overexpression of Grx1 mitigated
the PrS-SG and improved aortic endothelial barrier function in response
to metabolic stress [198].

Further, decreased NO levels are critically entangled in diabetic
vascular complications (as reviewed in Ref. [178]). Endothelial nitric
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oxide synthase (eNOS) is responsible for the NO production in vascular
EC, and uncoupling of eNOS by PrS-SG adversely affects vascular
function [199,200]. In bovine aortic EC, Grx1 was shown to reverse the
PrS-SG of eNOS and restore its activity in the presence of GSH. The in-
hibition or gene silencing of Grx1 increased eNOS PrS-SG and decreased
cellular NO production [201]. In coronary artery EC, treatment with
Grx1 can protect cells from high glucose-induced protein carbonylation
and apoptosis and reverse the high glucose-induced decrease in
phospho-eNOS and NO levels [40].

Inconsistent with the increased glutathionylation of eNOS in hy-
perglycemic rabbit aorta, co-immunoprecipitation of eNOS/Grx1 and
Blsubunit/Grxl was significantly diminished under hyperglycemic
conditions [202], suggesting that hyperglycemia may impair Grx1 ac-
tivity and increase eNOS glutathionylation. However, at the same con-
centration of Grx1, treatment of p3-Adrenoceptor agonist increased
co-immunoprecipitation of eNOS/Grx1 and f1 subunit/Grxl [202].
The p3-Adrenoceptor agonists may thus enhance Grx1l-mediated
deglutathionylation.

Grx1 is also involved in the cellular signaling of EC. High glucose
activates the JNK/NF-kB signaling pathway and dephosphorylation of
Akt, leading to apoptosis of human vascular EC [203,204]. Grx1 was
shown to counteract this process [40]. Upregulation of Grx1 expression
by Grx1 gene therapy reduced ischemia/reperfusion-mediated myocar-
dial infarct area and cardiomyocyte death in diabetic hearts [44].
Further studies found that Grx1 gene therapy negatively regulates the
ASK-1/JnK/p38 MAPK signaling pathway to inhibit apoptosis, but
positively regulates the survival signaling via Akt-FoxO-1 and e-NOS
and the expression of heme oxygenase-1 to switch the death signal into a
survival signal [44]. In cardiac complications associated with
ischemia-reperfusion in diabetic hearts, aldose reductase is activated in
ischemia and subsequently inactivated during early reperfusion, which
could be restored by Grx1 [205].

3.2.3. Peripheral arterial disease

The prognosis for diabetic peripheral artery complications is poor,
and post-ischemic angiogenesis deficiency may worsen the prognosis
[206]. Angiogenesis is regulated by vascular endothelial growth factor
(VEGF), which mediates angiogenesis via the activation of fms-like
tyrosine kinase 1 (Flt-1) and fetal liver kinase 1 (Flk-1), with the latter
inducing the main pro-angiogenic signal [207]. The soluble splice
variant of Flt-1 (sFlt-1) binds VEGF with a higher affinity, thereby
inhibiting Flk-1-mediated angiogenesis [208]. Following surgical in-
duction of unilateral hindlimb ischemia in HFD-induced-diabetic mice,
sFlt-1 was increased to a higher extent than Flt-1, thus limiting angio-
genesis [209]. Grx1-overexpressing EC from transgenic mice showed an
increased sFltl secretion in comparison with the controls. Following
hindlimb ischemic surgery, these mice had attenuated revascularization
and mitigated EC migration. Further data suggest that Grxl over-
expression in EC induces sFlt-1 expression by activating the
Wnt5a-sFlt-1 pathway through NF-«B signaling [210]. Li et al. found
that the plasmid-induced overexpression of VEGF can promote angio-
genesis after hindlimb ischemia in mice which were rendered diabetic
by HFD [206]. The knockdown of sFlt-1 by siRNA rescued the
Grx1l-induced attenuation of EC migration, reversed the suppressed
network formation, and restored the reduced EC proliferation in human
EC overexpressing Grx1 [210]. The authors propose the induction of sFlt
by Grx1 through Wnt5a as a potential reason for impaired revasculari-
zation in limb ischemia. Thus, the clinical outcome of an increase in
Grx1 would be detrimental in this context. Of note, the overexpression is
artificial, not taking into account the physiological regulation of Grxs in
ischemia. Therefore, conclusions should be drawn very carefully.

The reviewed data on the role of Grxs in cardiovascular complica-
tions of diabetes mellitus were obtained from several different models
and are not consistent. As reviewed by Andreadou et al., there is more
data on cardiovascular disease independent of diabetes mellitus [211].
The authors conclude that Grxl has a protective role in cardiac
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Table 2
Overview on Grx1 and cardiovascular disease in the context of diabetes.
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[46] 2016 Qi et al. Hyperglycemic human subjects, serum
Diabetic rats (HFD/STZ), serum

Diabetic rats, left ventricular myocardium
Rat cardiac fibroblasts + HG [25 mmol/1]

+ Grx1 + HG [50 mM]

Grx1 1
Grx1 1
Grx1 t
Grx1 1t
TNF-a, NF-kB mRNA expression |

[190] 2015 Karimi Galoughahi
et al. antagonist S961

Treatment with the p3-Adrenoceptor agonist CL316243

Rabbit myocytes, induced hyperglycemia through insulin receptor

coimmunoprecipitation of Grx1 with the Na + -K+ pump p1-
subunit |
coimmunoprecipitation t

[195] 2015 Montano et al.
PBMC

Diabetic patients treated with Q10 for 12w serum

Grx1 activity |
Grx1 activity 1

[196] 2014 Du et al.
tolerance

Plasma of patients with diabetes mellitus typ 2 or abnormal glucose

Grx1 activity 1 Grx1 1

[197] 2001 Okuda et al. Human coronaries

Infiltrating macrophages

Human coronary artery smooth muscle cells + HyO0,

Grx1 + ROS 1
Grx1 1
Grx1 1t

[198] 2016 Han et al.

Human aortic endothelial cells, Grx1 OE, palmitate [100 pM], HG [25 mM]

PrS-SG | aortic endothelial barrier function |

[200] 2013 Chen et al. Bovine aortic EC exogenous Grx1

inhibition/gene silencing of Grx1

PrS-SG of eNOS | eNOS activity 1
PrS-SG of eNOS 1 cellular NO production |

[40] 2014 Li et al.

Porcine coronary artery EC HG [25 mmol/l] + Grx1

protein carbonylation | apoptosis | phospho-eNOS t NO levels 1

[205] 2010 Wetzelberger et al.

Murine heart, reperfusion after ischemic injury + Grx1

aldose reductase activity 1

[210] 2014 Murdoch et al.
hindlimb ischemic surgery

Cardiac microvascular endothelial cells from Grx1*/* mice

EC migration | VEGF-induced network formation of EC | sFlt1 1
revascularization | EC migration |

HFD: high fat diet; STZ: streptozotocin; HG: high glucose; Q10: Coenzyme Q10; PBMC: peripheral blood mononuclear cell; OE: overexpression; EC: endothelial cells; 1:

increase; |: decrease.

hypertrophy, ischemia/reperfusion injury, and heart failure. However,
there are contradictory data depending on the respective model, e.g., in
limb revascularization Grx1 was detrimental to revascularization, sug-
gesting that the significance of Grxs depends on the respective organ/-
tissue and the involved mechanisms. These comprise angiogenesis and
protection from oxidative distress-induced apoptosis as well as PrS-SG
[211]. As described by Han et al., a crucial function of Grx1 in the
vasculature might be maintaining vascular barrier by mitigating PrS-SG
[198]. Interestingly, another study found that in a model of mouse
hindlimb ischemia, stabilization of hypoxia-inducible factor (HIF)-1a by
oxidative modification was beneficial to revascularization. Accordingly,
mitigating these protein modifications by Grx1 led to opposing results.
Silencing of Grx1 improved revascularization [212]. Similar outcomes
were found by Cohen et al. [213]. This indicates that research aiming to
shed light on the translational potential of Grxs requires a thorough
knowledge of the targeted tissue and physiological as well as patho-
logical conditions. Otherwise, detrimental effects might occur. A sum-
mary of the reviewed data about the cardiovascular system is given in
Table 2.

3.2.4. Diabetic retinopathy and cataract

Diabetic retinopathy (DR) is a prevalent chronic complication of
diabetes and has been identified as the fifth leading cause of moderate to
severe visual impairment and blindness globally [214]. The main
pathologic feature is microangiopathy. Based on the presence or absence
of neovascularization, DR can be classified as non-proliferative and
proliferative, i.e., early and end stage, with or without macular edema
[215]. The mechanisms of DR are mostly studied in terms of inflam-
mation [216], apoptosis [217], vascular dysfunction [218], and
destruction of neurovascular units [219]. Grx1 expression and activity
have been described in ocular tissues such as the iris, ciliary body,
cornea, lens, and retina [220]. However, in different eye tissues and
conditions, upregulation of Grx1 appears to play a dual role. On one
hand, Grx1 protects human retinal pigment epithelium (RPE) cells from
oxidative distress-induced apoptosis, possibly related to its ability to
stimulate Akt phosphorylation by preventing its glutathionylation [43].

In contrast, its amount and activity were significantly upregulated in
retinal homogenates of STZ-induced diabetic rats and
high-glucose-treated rat retinal Miiller cells [221]. This upregulation is
accompanied by NF-kB activation and increased expression of intercel-
lular adhesion molecule 1 (ICAM-1), resulting in a pro-inflammatory
response [221]. Notably, knockdown of Grx1 by siRNA in cells under
high glucose conditions prevented ICAM-1 induction [221]. Further
studies suggested that Grx1 regulates NF-kB activation and subsequent
expression of ICAM-1 and IL-6 in retinal Miiller cells by S-gluta-
thionylation of IKKf [222].

Conflicting data indicate that phosphorylation of AKT is associated
with the formation of fibrotic membranes under high glucose conditions
in RPE cells and plays an important role in the pathological process of
DR [223]. Sustained endothelial activation of Akt induces structurally
and functionally abnormal blood vessel formation [224]. Jiang et al.
found that the expression of NF-kB increased with the duration of the
disease in the retinal tissue of STZ-induced diabetic rats. It was closely
related to neovascularization in the end stage of DR [225]. Therefore,
despite the current inconclusive impact of Grx1 on diabetic retinopathy,
the regulatory effect of Grx1 on AKT and NF-kB in diabetic retinopathy
offers ample room for further research approaches.

The incidence of cataract in diabetic patients is significantly
increased [226]. Although the pathogenesis of diabetic cataract is still
not fully understood, there is some available data on the impact of
oxidative distress. Markedly reduced levels of GSH concomitant with an
increase in ROS as measured by the DCFH-DA method were detected in
the lenses of galactose-fed rats, who presented with the rapid develop-
ment of cataract [227]. Chan et al. achieved a reduction in the incidence
of cataract by treatment with vitamin E and an exacerbation of cataract
development in Glutathione peroxidase 1-deficient mice [227,228].
Two groups have studied the lenses of Grx1-deficient mice. Zhang et al.
found a slightly higher opacity after treatment of lenses of knockout
mice with 30 mM glucose for 48 h ex vivo. After diabetes was induced by
STZ at the age of four months, the same observation was made in vivo.
Further, the knockout mice had an increased amount of PrS-SG when
compared to the WT animals [229]. Lofgren et al. studied lens epithelial
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Table 3
Overview on Grx1 and diabetic retinopathy and cataract.
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[221] 2007 Shelton Retina of STZ-induced rats
et al. r-MC1 cells + high glucose (25 mM)
r-MC1 cells + Grx1 KO

Grx1 t Grx1 activity 1
Grx1 t ICAM-1 1 NF-xB activation 1
ICAM expression |

[43] 2015 Liu et al. ARPE-19 cells, Grx1 OE + H,0,

cytotoxicity |

[222] 2009 Shelton
et al.

r-MC1 cells, Grx1 OE

NF-kB activation 1 ICAM-1 1 IL-6 1 IKKp S-glutathionylation 1

[229] 2017 Zhang et al. Lenses of Grx1~/~-mice + STZ/high glucose (30 mM) ex

vivo

lens opacity 1 PrS-SG 1

[230] 2008 Lofgren Lens epithelial cells of Grx1~/~-mice
et al. Grx1-rescue

PrS-SG 1 GSH pool | H>0,-induced apoptosis | clearance of H>O, | impaired proliferation |
H,0,-induced apoptosis |

KO: knockout; OE: overexpression; STZ: Streptozocin; ICAM-1: intercellular adhesion molecule 1; IKKf: inhibitor of nuclear factor kappa-B kinase subunit beta; PrS-SG:

Protein S-glutathionylation. 1: increase; |: decrease.

cells of Grx1l-deficient mice ex vivo. They were characterized by an
increased protein glutathionylation, diminished GSH pool, Hy02-in-
duced apoptosis, decreased clearance of HoO», and impaired prolifera-
tion. Remarkably, restoring of Grx1 via protein transfection protected
the cells of HyO5-induced inactivation [230].

In summary, the available data on Grx1 and the diabetic eye disease
is scarce and controversial. As reviewed by Ren and Léveillard [231],
oxidative distress is seen as a pivotal factor in retinal disease, but the
significance of the inflammatory response in the context of Grx1 is not
yet clear. More basal research will need to precede translational studies.
The data on Grx1 and diabetic eye disease can be found in Table 3.

3.2.5. Diabetic nephropathy

Diabetic nephropathy is the most important cause of chronic kidney
disease (CKD). The global prevalence is estimated at around 50% in
patients with type 2 diabetes and 32% in type 1 [232,233]. Levin et al.
studied Grx1 activity in 61 CKD patients of whom 16 suffered from
diabetes (type not classified). The serum activity of Grx1 in the CKD
patients was higher than in the control group. At the beginning of
dialysis, diabetic patients had non-significantly higher Grx1 activity.
Further analysis found no correlation between Grxl and HbAlc. The
authors speculate that this finding might be related to the reduced
lifespan of red blood cells in CKD, resulting in a general decrease in
HbAlc [234]. Another study included 114 insulin-dependent patients
with diabetes and retinopathy or nephropathy and 72 healthy subjects.
The platelet Grx1 activity was non-significantly lower in the patients
when compared with the controls. However, it was significantly miti-
gated in these with microalbuminuria. There was no relation of Grx1
activity and retinopathy [235]. This is consistent with the findings of a
reduced Grx1 activity in platelets of patients suffering from type 2 dia-
betes by Di Simplicio et al. [236]. Since there are no further data, the
significance of these findings for CKD/diabetic nephropathy is unclear
(Table 4).

3.2.6. Neurological complications

Diabetes affects neural tissue and cerebrovascular structures, leading
to neurological dysfunction and various acute and chronic disorders
[237]. A longitudinal cohort study with a follow-up time of 31.7 years

Table 4
Overview on Grx1 and diabetic kidney disease.

showed that type 2 diabetes was associated with an increased incidence
of dementia, and the younger the age of onset of diabetes, the higher the
risk [238]. Wohua and Weiming found that HFD-fed Grx2 KO mice had a
higher blood glucose and more pronounced insulin resistance. Inter-
estingly, obvious learning and memory-related cognitive dysfunction
occurred compared with HFD-fed WT mice [53]. Histological analysis
revealed that the HFD resulted in a decrease in the number of surviving
neurons, activation of glial cells, upregulation of cell inflammatory
factors such as TNF-a, IL-6, and IL-1p in the hippocampus, an increase in
H»0; levels and mitochondrial ROS production detected by DCFH-DA,
and a decrease in the GSK-3p phosphorylation (inactive state). These
effects were more distinct in the Grx2 KO mice [53]. GSK-3f is involved
in the regulation of mitochondrial dysfunction, and inactivation of
GSK-3p promotes mitochondrial energy metabolism and improves
mitochondria-dependent apoptosis [239]. Similar results were obtained
from primary astrocytes and murine microglial cells with induced
Grx2-deficiency. These pathologies could be rescued by blocking GSK-3f
with SB216763 [53]. There are multiple reports proposing inhibition of
GSK-3p as a therapeutic strategy in neurological diseases [240,241] due
to its significance for neuronal energy metabolism. Qiu et al. described a
protective role of Grxl against oxygen-glucose deprivation/reox-
ygenation-induced apoptosis and oxidative stress through GSK-3p/Nrf2
[242]. In a rat model of myocardial infarction, antioxidant treatment
resulted in decreased activity of Grx1 and an increase in p-GSK-3 f in
comparison with untreated animals [243]. These findings led to the
conclusion that Grx1 might be involved in GSK-3p signaling. According
to the available data it is however unclear whether Grxs are specifically
involved in this pathway or whether the changes in Grx expression
and/or activity reflect redox distress/inflammation. Regarding the
brain, HFD is known to induce neuronal inflammation and cognitive
impairment in mice independent of a Grx knockout [244,245].
Accordingly, in the brains of the previously mentioned HFD-fed C57Bl/6
mice, which featured a marked loss of islet Grx5 [110-112,246], the
mRNA expression of complex IV of the respiratory chain, citrate syn-
thase, and glutathione peroxidase 1 as potential markers for enhanced
inflammation, mitochondrial dysfunction, and oxidative distress were
significantly increased. However, brain Grxs were not studied [246]. A
summary is given in Table 5.

[234] 2018 Levin et al.

[235] 2000 Seghieri et al.

Human serum, CKD

Human serum, CKD + DM

Human platelets, diabetic kidney disease
Human platelets, microalbuminuria

Grx1 activity 1
Grx1 activity -
Grx1 activity -
Grx1 activity |

CKD: chronic kidney disease. 1: increase; |: decrease; -: no significant change.



M. Zhou et al.

Table 5
Overview on Grx2 and neurological complications of diabetes.
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C57BL/6 Grx2~/~ mice +
HFD

BV2-/AST-cells, Grx2
siRNA, H;0,

[53] 2019 Wohua and
Weiming

cognitive dysfunction 1 surviving neurons | glial cell activation 1 TNF-a, IL-6, and IL-1p mRNA in the hippocampus 1t HO2
and mitochondrial ROS 1 GSK-3p phosphorylation |
mitochondrial dysfunction 1 TNF-a and IL-1p mRNA 1 phosphorylated GSK-3p |

GSK-3f: Glycogen Synthase Kinase 3 Beta. 1: increase; |: decrease.

3.2.7. Nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) is considered an over-
looked diabetic complication [247-250]. There is a mutual relation
between NAFLD and type 2 diabetes. About 70% of people with type 2
diabetes have NAFLD [251]. NAFLD also promotes further development
of chronic macrovascular and microvascular complications of diabetes
[252]. Grx1 plays an important role in regulating oxidative eustress and
metabolism in the liver. Its expression was decreased in patients with
NAFLD as determined by liver biopsies [118]. Grx1 ~/~_mice exhibited
increased hepatic lipid accumulation and hyperlipidemia on normal diet
compared with WT mice, which could be ameliorated by
adenovirus-mediated Grx1 gene supplementation [118]. Remarkably,
the progression of NAFLD to nonalcoholic steatohepatitis (NASH) was
accelerated in Grx1~/~-mice when fed a HFD compared with WT mice.
Furthermore, hepatic sirtuin-1 (Sirtl) activity was reduced. It was
restored by Grx1 gene supplementation [118], indicating that Sirtl may
be a target of Grx1-mediated lipid metabolism. Ahmad et al. reported
similar results in Grx1~/~-mice. When Grx1 was deleted by CRISPR,
serum triacylglycerol, total cholesterol, low-density lipoprotein choles-
terol, alanine aminotransferase, and aspartate aminotransferase, as well
as serum and liver TNF-a, IL-1f, IL-6, leptin, and lipopolysaccharide
were increased, resulting in increased liver mass, necrosis, and inflam-
mation [253,254]. Compared with the HFD WT mice, Grx2 KO mice also
had significantly elevated serum triacylglycerol, total cholesterol,
low-density lipoprotein cholesterol, and NEFA, as well as aggravated
hepatic steatosis and hepatocyte swelling [53]. Accordingly, both Grx1
and 2 appear to be crucial for hepatic energy metabolism. It is an
ongoing discussion whether NAFLD/NASH precedes diabetes mellitus
type 2 or whether it is a consequence of the disease [255]. The reviewed
data indicates that hepatic Grx1/2 deficiency promotes steatosis of the
liver and consecutively glucose intolerance/diabetes. The literature
research did not reveal data implying a decrease in liver Grxs following
diabetes induction by other means. Since hepatic steatosis is not
necessarily apparent in diabetes, it remains unclear whether hepatic
Grxs are altered in diabetes mellitus in general. Therefore, the trans-
lational significance for diabetes remains unclear (Table 6).

Table 6
Overview on Grxs and fatty liver disease in the context of diabetes.

4. Summary

The glutaredoxin system is an important part of the basic mamma-
lian cellular maintenance and preservation machinery required for cell
survival and function. The disturbance of the physiological compart-
mentalized redox-signaling is an acknowledged factor in chronic meta-
bolic and inflammatory disease [256]. Accordingly, oxidative distress
[106,129,257-259], protein carbonylation [260], lipid peroxidation
[261], and thiol oxidation [262] as promoted by gluco- and lipotoxicity
are essential actors in the molecular pathophysiology of diabetes mel-
litus. Different dysregulated signaling pathways have been linked to the
absence of Grxs and mostly changes in glutathionylation. However, the
identification and characterization of substrates is rare. Moreover, the
monothiol Grx3 and 5 might link the glutaredoxin system to diabetes
through the iron metabolism, mitochondrial dysfunction, and ferropto-
sis. Iron overload is known to disrupt glucose homeostasis [263,264] as
also clinically demonstrated in several case reports of human
Grx5-deficiency [94-100].

As highlighted in this review, Grxs have been studied in most tissues
relevant for diabetes and its complications, but there is little data, which
were obtained employing many different models, available in total. The
majority of studies found variations of Grx expression and/or activity in
diabetic animal and cell culture models. Some authors could even
ameliorate diabetes-induced pathologies on the molecular level by
overexpression of/treatment with Grxs. Interestingly, the reviewed data
indicate a relevance for diabetes mellitus independent from the clinical
classification of the disease (i.e., type 1 or 2) which is apparent in pa-
tients and animals or modelled in cell culture/animal experiments. The
available data on Grx1 concentration and activity in serum/plasma is
more consistent. An increase was found in human and rat blood, and
Montano et al. found a decrease in Grx1 activity after treatment with
coenzyme Q10. One study measured an increased Grx1 activity in pe-
ripheral blood mononuclear cells (PBMC), another found a decrease in
platelets. No other Grxs were studied in blood in diabetic models
(Table 7). The origin and function of extracellular Grxs is not yet clear. It
might be a mere reflection of the chronic inflammation which is
apparent in the diabetic metabolism and associated oxidative distress.
We have previously described a paracrine regulation of beta-cells by

Grx1

[118] 2017 Shao et al. Human liver (NAFLD)

C57BL/6NJ Grx1 ™/~ mice
Reconstitution of Grx1
C57BL/6NJ Grx1—/— mice + HFD

C57BL/6J Grx1~/~ mice

Grx1 protein |

[253,254] 2019/20 Ahmad

hyperlipidemia, liver lipid accumulation 1 liver Sirt1 activity |
plasma cholesterol | liver mass | liver steatosis | liver Sirtl activity 1
NAFLD — NASH 1

glucose tolerance |

et al. C57BL/6J Grx1 ™/~ mice, serum triacylglycerol 1 total cholesterol 1 LDL-C 1 HDL-C | ALT 1 AST t TNF-q, IL-1, IL-6 1 leptin 1
lipopolysaccharide 1
C57BL/6J Grx1 ™/~ mice, liver TNF-a, IL-1p, IL-6 1 mass, necrosis, inflammation 1
Grx2

C57BL/6 Grx2~/~ mice + HFD
serum
liver

[53] 2019 Wohua and
Weiming

triacylglycerol 1 total cholesterol 1 LDL-C 1 NEFA 1

steatosis 1 hepatocyte swelling 1

NAFLD: Nonalcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis; Sirt1: hepatic sirtuin-1; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density
lipoprotein cholesterol; ALT: alanine aminotransferase; AST: aspartate aminotransferase; NEFA: non-esterified fatty acids. 1: increase; |: decrease.
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Table 7

Redox Biology 71 (2024) 103043

Overview about the literature on Grx1 and serum/blood cells of human subjects suffering from diabetes and diabetic rats.

[46] 2016 Qi et al.
Diabetic rats, serum

[195] 2015 Montano et al.
PBMC

[196] 2014 Du et al.

[236] 1995 Di Simplicio al.

Hyperglycemic human subjects, serum
diabetic patients treated with Q10 for 12 weeks - serum

Plasma of patients with diabetes mellitus typ 2 or abnormal glucose tolerance
Human platelets of insulin-dependent patients

Grx1 1t

Grx1 t

Grx1 activity |

Grx1 activity 1

Grx1 activity 1t Grx1 1
Grx1 activity |

Q10: Coenzyme Q10; PBMC: peripheral blood mononuclear cell; OE: overexpression; EC: endothelial cells; 1: increase; |: decrease.

[ Organ system ] [ Grxs in diab and its licati ] [ Modulation of Grxs and respecti ]
Risk for dementia T [238] .. Grx2-KO +HFD  Cognitive dysfunction [53]
Hippocampal deterioration [53]
HFD .
Neurons + ‘
TNF-q, IL-6, IL-1B, H,0, T
Grx1 activity in retina T [221] Grx1-KO H,0,-induced apoptosis T [230] RPE H;0,-induced apoptosis + [230] Grx1-OE
1p
5TZ. ICAM-14 [221] MC-1 ICAM-1 7 [221]
Cataract T [230] ) . L
+STZ PrS-SG 1 [229] lens epithel H,0,-induced inactivation of Grx1 + [230]
Grx1 in myocardium T [182] STZ+HFD aortic EC Prs-SG (i.a. eNOS) + [201] Grx1T
"‘ R Prs-SG myocardium ¥ [46] o coronary EC Protein carbonylation + [40]  (exogenous)
5% <
[ 2
\ ) < . heart » Ischemia/reperfusion injury + [205] Grx1 T
) Prs-SG 1 [198] Peripheral venous EC (geneth.)
Grx1 protein in NAFLD ¥ [118] Grx1-kO Lipid accumulation 7 [118] Steatosis and mass - [118] Grx1 T
Hyperlipidemia 7 [118] Plasma cholesterol - [118] (gene th.)
Sirt1 activity - [118] Sirt1 activity T [118]
Inflammation 7 [118] HED )
Progression to NASH 7 [118] £
Grx2-KO Hyperlipidemia 7 [53]
Steatosis T [53]
Grx1, 2, 3, S in islets / beta-cells + Grx1-KO GSIS, glucose tolerance + [118] Islets/ ¢ S NG Exocytosis of insulin T [115, 116] Grxl T
db/db [110-113] Insulin resistance T [118] INST < (exogenous)
HFD
MIN6 Grx2-KO Blood glucose, insulin resistance T [53] HFD

Fig. 3. Graphical summary of the reviewed data. Grx: glutaredoxin; Grxs: glutaredoxins; KO: knockout; OE: overexpression; th.: therapy; HFD: high fat diet; STZ:
Streptozocin; GSIS: glucose-stimulated insulin secretion; PrS-SG: Protein S-glutathionylation; RPE: retinal pigment epithelium, rMC-1: retinal Muller Cell line-1; EC:
endothelial cells; MIN6: mouse insulinoma 6; ICAM-1: intercellular adhesion molecule 1; eNOS: endothelial nitric oxide synthase; Sirtl: hepatic sirtuin-1; NAFLD:
non-alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under

a Creative Commons Attribution 3.0 unported license.

secreted Trx1 [265]. It would be interesting to see if Grx1 is secreted in
situations of metabolic stress in the same manner.

The main findings of this review are depicted in the graphical sum-
mary (Fig. 3).

In conclusion, the glutaredoxin system is a promising target for
further basic research aiming to translate to therapeutic approaches
with major questions unanswered so far. Judging by the reviewed data,
precisely tailored approaches to address single Grx1 in target tissues
would be required to achieve beneficial effects.
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