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A Comprehensive Review on the Metabolic 
Cooperation Role of Nuclear Factor  
E2-Related Factor 2 and Fibroblast  
Growth Factor 21 against Homeostasis 
Changes in Diabetes  

ABSTRACT
Objective: Type 1 and type 2 diabetes are associated 
with metabolic disorders including hyperglycemia, 
hyperlipidemia, and inflammation, leading to the pro-
duction of reactive oxygen species and nitrogen activa-
tors. In these cases, some of the body’s innate factors 
are activated to cope with these dangerous situations.  
The purpose of the review is to explain the collabora-
tion between the nuclear factor E2-related factor 2  
(NRF2) and fibroblast growth factor 21 (FGF21) in home-
ostasis and body metabolism with a focus on diabetes.
Materials and methods: This review is based on search-
ing the PubMed database, SCOPUS, Elsevier and cita-
tion lists of relevant publications. Subject heading 
and key words used include diabetes, oxidative stress, 
inflammation, NRF2, and FGF21. Only articles in English 
were included.

Results: NRF2 and FGF21 are two attractive biomarkers 
for the diagnosis of specific metabolic disorders and 
therapeutic targets, which have been implicated as 
therapeutic targets for the management of diabetic 
complications. The combination of both factors leads 
to the regulation of antioxidant and anti-inflammatory 
responses and metabolic pathways.
Conclusions: Given most studies of NRF2- and FGF21- 
-based therapeutic interventions in animal models and 
the possibility of not achieving the same results in hu-
mans, further clinical studies are needed to determine 
the efficacy of NRF2 and FGF21 in treatment of patients 
with diabetes. (Clin Diabetol 2022; 11; 6: 409–419)

Keywords: fibroblast growth factor 21, nuclear 
factor E2-related factor 2, elements of the 
antioxidant response, diabetes

Introduction
Diabetes remains one of the most important 

healthcare challenges in the world. Both types of 
disease are of genetic and environmental origin, with 
metabolic abnormalities including hyperglycemia, 
hyperlipidemia, and inflammation, which lead to the 
production of reactive oxygen species (ROS) and reac-
tive nitrogen species (NOS). Homeostasis refers to the 
body’s natural response to abnormal changes in order 
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to maintain normal conditions. In chronic diseases such 
as diabetes, changes in the homeostasis activate factors 
to prevent adverse and pathological conditions. Studies 
have shown that the main cause of diabetes compli-
cations, including micro- and macrovascular com- 
plications of nephropathy, retinopathy and cardio-
myopathy, among other complications, is due to oxi-
dative stress caused by the high production of these 
compounds. In such cases, some of the body’s innate 
factors such as nuclear factor E2-related factor 2 (NRF2) 
are activated to deal with such a dangerous situation. 
NRF2 is a transcription factor that increases in response 
to oxidative stress [1, 2]. In addition to its antioxidant 
protective effect, it participates in various biological 
processes and is involved in homeostasis by regulating 
some genes involved in metabolism, proteostasis, mi-
tochondrial physiology, tissue regeneration, inflamma-
tion, autophagy and immune processes [2]. Fibroblast 
growth factor 21 (FGF21) which is transcriptionally 
regulated by PPARa, is induced through increase in 
plasma free fatty acid and involves in glucose and lipid 
metabolism. It improves insulin resistance, hypergly-
cemia and dyslipidemia through various mechanisms 
[3, 4]. FGF21 can reduce inflammation, cell death, and 
organ damage through the up-regulation of NRF2. 

Both NRF2 and FGF21 are factors that underlie 
changes in the level of gene expression and consequent 
changes in cell signaling in diabetes and are inversely 
related to oxidative stress, the main destructive factor 
of diabetes. Therefore, considering the potential of 
both factors to be proposed as medical and therapeutic 
targets, more research is needed in this respect at the 
clinical level and related cell lines. In this review, we 
investigate the role of NRF2 and FGF21 and related 
mechanisms against homeostasis changes in diabetes. 

Materials and methods
Scopus and Web of Science were good databases 

to start with for our research topics. Subject heading 
and key words used included diabetes, oxidative stress, 
inflammation, NRF2, and FGF21. The search words 
consisted of both MeSH heading words and free text 
words. Then, we focused our search with specific data-
bases including PubMed, SCOPUS, Elsevier and citation 
lists of relevant publications. After that, a selective 
search was performed among the uploaded articles  
to exclude studies not related to our topics and also to 
obtain the outputs of the selected studies. Although we 
tried to focus on studies from 12 years ago, we came 
across older studies whose results are still cited in new 
papers, and are also referenced in this review. All the 
authors of the article were involved in searching for 

articles and choosing the topic. The search was limited 
to articles written in English.

NRF2, an anti-stress transcription factor
Nuclear factor erythroid 2-related factor 2 (NRF2) 

is an essential transcription factor that is activated in 
response to oxidative stress and plays an essential role 
in cell protection and survival. NRF2 encoded by the 
NFE2L2 gene is a leucine zipper (bZIP) protein with 
seven NRF2-ECH homology (Neh) domains (Neh-1 to 
Neh-7) (Fig. 1) and induces many cytoprotective genes 
by binding to the antioxidant response element (ARE) 
in promoter regions. It is expressed in most eukaryotic 
cells and in all human tissues, especially those involved 
in xenobiotic metabolism, including kidney, liver, and 
adipose tissue [5]. Studies over the past decade have 
proven its role in protecting against oxidative stress 
via regulating the expression of antioxidant proteins 
[6–8]. In addition to antioxidant protective effect, it 
participates in various biological processes and plays 
a pleiotropic role in homeostasis by regulating some 
genes involved in metabolism, proteostasis, mitochon-
drial physiology, tissue remodeling, inflammation, 
autophagy, and immune processes [9, 10]. 

Under normal physiological conditions, the half-life 
of NRF2 is only 20 minutes [11]. NRF2 is tightly kept by 
a cluster of cytosolic proteins that degrade it quickly. 
Kelch-like ECH-associated protein 1 (Keap1), as a repres-
sor protein, traps NRF2 in the cytoplasm and facilitates 
its ubiquitination which occurred by Cullin 3, leading to 
subsequent proteolysis by the 26S proteasome. Keap1 is 
a cysteine-rich protein that can be modified by different 
oxidant compounds or electrophilic stress. Oxidative 
stress, disrupts the Keap1-Cul3 ubiquitination system 
by oxidation of the critical cysteine residues in Keap1 
specially Cys-151, Cys-273, and Cys-278 [12]. Oxidized 
cysteine residues of Keap1 destabilize the Keap1-NRF2 
complex, causing NRF2 to dissociate and escape from 
ubiquitination. The free NRF2 is phosphorylated at Ser-
40, then transported to the nucleus, where it binds to 
one of the small Maf proteins, including MafF, MafG, 
and MafK, or Jun protein to form a heterodimer [10, 
13]. The heterodimer binds to the ARE area in the 
upstream promoter region of EpRE/ARE-response 
genes, and induces their transcription [14]. The Keap1-
independent b-TrCP mechanism is another pathway for 
NRF2 degradation that can detect phosphorylated NRF2 
and facilitate its ubiquitination [15]. Other mechanism 
of NRF2 regulation in response to inducing signals is 
acetylation/deacetylation that affects the transcription 
activation, nuclear translocation, and degradation of 
NRF2 [16]. 
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NRF2 signaling pathway is one of the main mecha-
nisms of cellular defense against oxidative stress; there-
fore, abnormal levels of NRF2 activity can contribute to 
cellular pathology. In this situation, the main function of 
NRF2 is attributed to its protective effects against oxida-
tive stress via activation of numerous genes involved in 
antioxidative and anti-inflammatory defenses as well 
as those with repair functions, and metabolic regula-
tion including NAD(P)H quinone oxidoreductase 1  
(Nqo1), glutamate-cysteine ligase, sulfiredoxin 1 (SRXN1),  
thioredoxin reductase 1 (TXNRD1), heme oxygenase-1 
(HMOX1, HO-1), glutathione S-transferase (GST),  
UDP-glucuronosyl-transferase (UGT), multidrug 
resistance-associated proteins (Mrps) [7, 8]. NRF2 also 
involves in induction of a set of drug-metabolizing 
enzymes such as NAD(P)H:quinone oxidoreductase 1 
(NQO1) and glutathione S-transferase (GST) [1].

Several studies have indicated that the generation 
of reactive oxygen or nitrogen species (RONS) stimulat-
ed by hyperglycemia, can elevate the NRF2 expression 
[17]. Increased NRF2 level is able to counteract with 
the development of diabetic complications, via up-
regulation of its downstream antioxidant genes such as 
NQO1, HO-1, and GST [17, 18] and downregulation of 
inflammatory pathway of the NF-kB [19]. NRF2/Keap1/ 
/ARE is a critical defensive pathway in the physiological 

protection of pancreatic b-cells against the accumula-
tion of intracellular ROS and cell apoptosis, autophagy, 
and proteosomal degradation. Due to the destructive 
effect of oxidative stress on insulin secretion through 
a reduction in ATP production, the role of NRF2/Keap1/ 
/ARE pathway in insulin secretion seems to be important. 
Increased expression of NRF2 in pancreatic b-cells in the 
diabetic model of rodents indicates the protective role 
of NRF2 against oxidative stress in these cells [19]. NRF2 
also regulates the expression of the catalytic subunits 
of proteasomes in pancreatic b-cells and are involved in 
the proteostasis activity of the endoplasmic reticulum, 
so that its defect reduces insulin secretion [20, 21]. 

NRF2 and induction of FGF21
In addition to preventing oxidative stress, NRF2 

is also involved in metabolic homeostasis, including 
lipid metabolism and energy expenditure. Therefore, 
NRF2-knockout mice develop insulin resistance and 
weight loss. For example, adenosine monophosphate 
activated protein kinase (AMPK) as a key regulator of 
cellular metabolism plays a critical role in the main-
tenance of energy homeostasis. Activation of AMPK 
results in enhancement of glucose utilization [22]. NRF2 
is suggested to regulate AMPK activity through phos-
phorylation of Thr-172. In contrast, the suppression of 

Figure 1. The NRF2/Keap1/ARE Pathway in Type 2 Diabetes Mellitus 
(I) in the upstream region, Ark kinase causes phosphorylation and activation. (II) Under oxidative conditions, the Keap1 separates 
from NRF2 and NRF2 enters the nucleus. (III) In the non-oxidative state, the Keap1 binds to the NRF2 and ubiquitinates it, which 
is eventually degraded by the proteasome
ARE — antioxidant response element; Keap1 — Kelch like-ECH-associated protein 1; NRF2 — nuclear factor E2-related factor 2
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the NRF2 signaling attenuates AMPK phosphorylation 
(Thr-172) [23]. Therefore, it contributes to lower the 
blood glucose levels in the NRF2-induced animals [8] 
and significantly suppresses gluconeogenesis in dia-
betic rat model. Fibroblast growth factor 21 (FGF21) 
plays an important role in glucose and lipid metabolism 
and has an ARE sequence in its promoter. Studies have 
shown that NRF2 is also involved in regulating FGF21 
expression [21]. Therefore, the FGF21 induction may be 
a mechanism through which NRF2 regulates expression 
levels of glycolysis-related genes [21, 24].

FGF21 is a 19 kDa protein with an in vivo half-life 
of 0.5 to 2 h. It belongs to the FGF family. Unlike other 
members of FDFs, FGF21 lacks the second heparin-like 
domain binding to the membrane, which enables 
FGF21 to leave the hepatocyte, enter the bloodstream 
and affect other organs. Its circulatory level is mainly 
due to hepatic secretion, so FGF21 is a hepatokine; 
however, it is also expressed in small amounts in 
adipose tissue, skeletal muscle, pancreas, brain and 
many other organs [31, 32]. As a peptide hormone, 
FGF21 binds to the FGF receptor (FGFR) complexed 
with b-klotho, a trans-membrane protein essential for 
FGF21-mediated signaling [32], and induces metabolic 
changes through intracellular signals of MAPKs, Raf1, 
Akt1 and STATs. 

Under starvation conditions, GH (growth hormone) 
stimulates lipolysis in fat cells to release fatty acids. 
The liver uses glycerol and free fatty acids for glu-
coneogenesis and ketogenesis, respectively, through 
activation the nuclear hormone receptor-activating 
a-PP receptor (PPARa) (Fig. 2). PPARa activates the 
FGF21 promoter through PPARa response elements and 
increases hepatic and plasma levels of FGF21. FGF21, 
stimulates lipolysis in adipose tissue, and ketogenesis 
in liver, which in turn synergistically increases FGF21 
production in the liver [25]. During starvation glucagon, 
catecholamines and glucocorticoids play an important 
role in this regard [24]. FGF21 protects the body from 
lipid-induced liver and muscle insulin resistance via a re-
duction in DAG (diacyl-glycerol) content, which reduces 
PKCe and PKCq activation, leading to an improvement 
in insulin signaling [28]. 

Studies have shown that depletion of essential 
amino acids due to amino acid starvation or low protein 
diets also stimulates FGF21 expression, and when low 
protein is associated with a high carbohydrate intake, 
this induction is maximized [17] (Fig. 2). Low-protein 
diets activate the general control nonderepressible 2 
(GCN2) kinase which is an amino acid sensor that in-
duces a genetic program to effectively maintain cellular 
homeostasis. GCN2 activates the ATF4 and inactivates 

Figure 2. The Role of FGF21 in Metabolic Homeostasis
FGF21 — fibroblast growth factor 21
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the eIF2a through molecular phosphorylation [26]. 
The FGF21 promoter has several binding sites for ATF4; 
so after connecting ATF4 to the promoter, FGF21 is 
generated. Despite being valuable information on the 
effects of FGF21, little is known about its mechanism 
of its action or its regulation.

In the pancreas, FGF21 has a protective effect on 
the quality and function of b-cells. Studies have shown 
that deletion of FGF21 increases b-cell insufficiency 
and suppression of insulin secretion [27]{Gasser, 2017 
#59}. Other studies in diabetic animals have shown 
the modulation of hyperglycemia, hyperlipidemia, de-
creased insulin resistance, and weight gain following 
FGF21 administration. In diabetes, FGF21 expression 
is increased to counteract the decrease in insulin se-
cretion. Studies have shown that FGF21 increases the 
expression of insulin gene transcription factors, which 
depend on the induction of insulin expression through 
PI3K/Akt signaling [28, 29]. FGF21 has also been found 
to be positively associated with obesity, fasting insulin, 
and triglycerides, and negatively associated with high-
density lipoprotein (HDL). FGF21 has also be found to 
be positively associated with fasting insulin, obesity, 
and triglycerides, and negatively associated with high-
density lipoprotein (HDL) [30].

Cooperation of NRF2 and FGF21  
in metabolic homeostasis

As it was mentioned above, FGF21 has an ARE 
sequence in its promoter which can be stimulated by 
NRF2. Furusawa et al. [31] in their study on Keap1-
-knockdown db/db mice reported NRF2 induction 
positively regulated hepatic FGF21 expression in liver 
and increased plasma FGF21 level. Although they 
considered FGF21 expression levels as a biomarker 
for the activity of Keap1-NRF2, FGF21 may be induced 
by other stimulators such as ATF4, which is another 
transcription factor and its expression increases 
under oxidative stress, starvation, and amino acid 
depletion. Therefore, FGF21 expression is increased 
in metabolic disorders such as obesity, diabetes, car-
diovascular disease to maintain energy homeostasis 
[32, 33]. However, some evidence reported FGF21 may 
also involve in activation or upregulation of NRF2. 
Cheng et al. [34] in their study on type 1 diabetic 
nephropathy animal model founded that FGF21 is  
a stimulator for NRF2 activation trough PI3K/Akt/GSK-
-3b/Fyn pathway. FGF21 also inactivates phosphatase 
and tensin homolog (PTEN) that negatively regulates 
Akt signaling and activates AMPK. Activated AMPK 
improves NRF2-mediated antioxidative effect [35]. 
Yang et al. [36] in their study on high-fat-diet/STZ-
-induced type 2 diabetic model of both wild-type and 

FGF21-knockout mice treated with FGF21 reported 
that induction of antioxidative effect by both exog-
enous and endogenous FGF21 could be attributed 
to the activation of NRF2 through upregulation of  
a wide range of antioxidant genes. They founded 
FGF21 pharmacologically and physiologically inhibited 
type 2 diabetic lipotoxicity-induced cardiomyopathy 
by activating of both the antioxidant pathway medi-
ated by AMPK-Akt2-NRF2 and the lipid-lowering effect 
of AMPK-ACC-CPT-1 in heart [36]. Yu et al. [33] stated 
that activation of FGFR1 by coupling with FGF21 may 
increase the binding of FGFR1 to Keapl. Subsequently, 
a decrease in the Keap1-NRF2 interaction leads to 
the release of NRF2 and ultimately an increase in the 
nuclear transfer of NRF2 from the cytoplasm (Fig. 3). 
However, it is not yet clear how NRF2 is delivered to 
the nucleus and whether FGF is involved.

The main hormonal function of FGF21 is to regu-
late glucose, fat and energy metabolism by increasing 
the glucose uptake into the adipose tissue, as well as 
lipolysis and the production of ketone bodies in the liver 
[37, 38]. Serum FGF21 levels increase with physical ac-
tivity, lactation, colds and malnutrition. Hyperglycemia 
increases its hepatic expression by CREBP (carbohydrate 
response element-binding protein). Mitochondrial 
disorders that impair oxidative phosphorylation and 
decrease ATP production result in increased serum 
FGF21 [38, 39]. Anti-inflammatory effect of FGF21 is 
mediated by macrophages which are the targets for 
FGF21. It exerted an anti-inflammatory effect mainly 

Figure 3. NRF2 Induction by FGF21
FGF21 — fibroblast growth factor 21; NRF2 — nuclear factor 
E2-related factor 2
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by enhancing NRF2-mediated anti-oxidant capacity and 
suppressing NF-kB signaling pathway [25].

Cooperation of NRF2 and FGF21  
in preventing b-cell apoptosis 

Hyperglycemia due to insulin resistance is the 
process that leads to the proliferation of b-cells and 
increase the biosynthesis and secretion of insulin [40, 
41]. When insulin secretion cannot compensate for 
hyperglycemia and lead to b-cell destruction. The ex-
cessive production of reactive oxygen species during 
prolonged hyperglycemia is toxic to pancreatic b-cells, 
which reduces insulin production, impairs insulin secre-
tion, and ultimately causes b-cell death and diabetes. 
However, in the early stages, b-cells inherently begin an 
effort to repair themselves. The most important repair 
mechanism is the activation of the cellular antioxi- 
dant system. NRF2, as the main regulator of antioxi-
dant enzyme gene expression, is one of the essentials 
for controlling functional b-cells mass by maintaining 
redox balance, function, proliferation, and survival of 
b-cells. NRF2 activation preserves b-cell mass by reduc-
ing oxidative stress and inflammation and increasing 
insulin sensitivity. Human and animal studies have 
revealed an increase in NRF2 mRNA and protein and 
its nuclear accumulation following oxidative stress  
in most diabetic tissues [42–44]. On the other hand, in 
a study on a high-fat diet mouse model, it was found 
that insulin resistance was associated with increased 
levels of Keap1 and decreased levels of antioxidant 
enzymes in adipose tissue [45]. 

In the early stages of type 2 diabetes, hyperglyce-
mia increases insulin synthesis and secretion by increas-
ing the ratio of ATP to ADP. In such pathological condi-
tions, protein loading in the endoplasmic reticulum (ER) 
may exceed the organelle’s capacity to manage proper 
protein folding which may lead to ER stress. In response 
to ER stress, b-cells produce an adaptive response called 
unfolded protein response (UPR), which is controlled 
by the ER transmembrane proteins of inositol-requiring 
enzyme 1 (IRE1), PKR-like ER kinase (PERK), and activat-
ing transcription factor 6 (ATF6) [46, 47]. PERK impairs 
protein translation and enhances the expression of  
a number of transcription factors, such as ATF4 (activat-
ing transcription factor 4). Although in hyperglycemia, 
b-cells are prone to ER stress and subsequent UPR, 
which may lead to b-cell death and diabetes [48]. Dur-
ing ER stress, PERK phosphorylates NRF2, which leads it 
to nuclear displacement and transcriptionally induces a 
surviving antioxidant response in b-cells [49]. PERK also 
acts as a protein sensor that inhibits mRNA translation 
and protein synthesis due to phosphorylation of eIF2 
in order to reduce the ER stress load [50].

Protein-folding homeostasis in ER is highly sensitive 
to redox state. Alteration of redox equilibrium in both 
reducing and oxidizing states affects the formation of 
disulfide bonds, disrupts protein folding, and causes 
ER stress. During disulfide bond formation in nascent 
peptide, the thiol groups on cysteines are oxidized and 
H2O2 is produced as a byproduct [48]. Dysregulated in 
disulfide bond formation and ER stress may lead to ROS 
accumulation and oxidative stress. UPR or unfolded pro-
tein response in b-cells decreases insulin production and 
may lead to inflammation, cell apoptosis and diabetes.

ER stress increases FGF21 synthesis as a protective 
event. FGF21 is induced by ER stress through PERK-
eIF2a-ATF4-dependent pathway [51]. Specific response 
elements of AARE1 and AARE2 (amino acid-responsive 
element) in the FGF21 promoter gene can be induced 
by ATF4, which in turn is stimulated by ER stress due 
to misfolded proteins or oxidative stress [52]. ATF4 also 
promotes the expression of b-Klotho.

FGF21 not only is a potent regulator of glucose 
homeostasis through increase in insulin secretion but 
also protects b-cells from apoptosis via extracellular 
signal-regulated kinase 1 and 2 (ERK1/2) and Akt 
signaling pathways. Coupling of FGF21 to its receptor 
causes rapid dimerization and autophosphorylation of 
the FGF receptor, which activates the ras/raf/MEK kinase 
signaling pathway. This eventually leads to the activa-
tion of ERK1/2 through phosphorylation. Activated 
ERK1/2 phosphorylate a large number of substrates 
localized in cytosol such as ribosomal S6 kinase (RSK), 
Mitogen- and stress-activated kinase 1/2 (MSK1/2) and 
MAPK-interacting kinases 1/2 (MNK1/2) [53]. ERK1/2 
also transport to the nucleus and regulate the activities 
of several transcription factors [54] involved in regula-
tion of cell metabolism and proliferation.

FGF21 can be considered as a stress response hor-
mone due to inducing several antioxidant mechanisms. 
The three antioxidant mechanisms activated by FGF21 
are 1-uncoupling protein 3 (UCP3) and superoxide 
dismutase-2 (SOD2) which reduce ROS levels; 2-ERK 
which suppresses the inflammatory pathway of NF-kB 
by activating CREB (cAMP responsive element binding 
protein); and 3-MAPK and p38 pathway that activates 
AMPK and reduces apoptosis. On the other hand, the 
activation of MAPK in turn inhibits the transcription of 
hepatic FGF21, suppresses the glucose 6 phosphatase 
gene and increases the hepatic gluconeogenesis [29, 55].

Role of NRF2 and FGF21 in prevention  
of diabetic complications

Diabetes is a highly heterogeneous disease with 
variable molecular, pathological, and clinical features. 
Overproduction of ROS in diabetes leads to harmful 
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cellular events, such as the formation of advanced 
glycation end products (AGEs) and upregulation of the 
receptor for AGEs (RAGE), activation of protein kinase 
C (PKC), the polyol pathway, hexosamine pathway 
[56]. Many studies have reported the protective effects  
of NRF2 and FGF21 activation on the complications of 
diabetes, such as diabetic nephropathy, cardiomyopa-
thy, and retinopathy [58]. Upregulation of NRF2 and its 
downstream antioxidant genes in response to hypergly-
cemia and oxidative stress regulate the cellular detoxifi-
cation response and redox status, as well as providing 
a protective action against various oxidative stresses 
and injuries. The increased risk of acute ischemic and 
nephrotoxic kidney injury in NRF2 deficiency sug-
gests the protective role of this transcription factor as  
a potential therapeutic target. This protection is partly 
due to an endogenous antioxidant pathway. FGF-21, 
which plays an important role in regulating glucose 
and fat metabolism, appears to be a pharmacologi-
cally good option to compensate for insulin depletion 
in the treatment of diabetes and prevention of its 
complications. However, studies in human and animal 
cell lines have shown that although NRF2 activation 
is achieved by acute stimulation of high glucose [59], 
prolonged exposure to hyperglycemia interferes with 
NRF2 antioxidant signaling and exposes cells to more 
severe oxidative damage [57, 58].

Although amino acid starvation or low protein 
diets is a more important stimulus for FGF21 gene 
expression than energy deprivation, FGF21 is also el-
evated in other contexts such as fasting, overfeeding, 
and high-carbohydrate diets. Wente et al. [37] found 
that FGF21 promotes the expression of the soluble 
N-ethylmaleimide-sensitive factor attachment protein 
receptor (SNARE) gene in the islands of db/db mice. 
Since SNARE (soluble NSF attachment protein receptor) 
is a major regulator of insulin secretion, FGF21 may 
increase insulin production and secretion through the 
SNARE and the phosphatidylinositol 3-kinase (PI3K)/ 
/Akt signaling pathway. However, the most effect of 
FGF21 is on adipose tissue, leading to decreased blood 
glucose levels, increased insulin sensitivity, weight loss, 
and decreased serum lipids. Oxidative stress has been 
shown to regulate the PI3K/Akt, the pathway that 
plays a significant role in cell survival signaling and is 
involved in critical biological responses such as calcium 
signaling, cell growth, differentiation, apoptosis, and 
insulin signaling [59]. Previous studies on various in-
ducers such as hemin, tert-butyl hydroquinone (tBH), 
and proxynitrite, reported that the PI3K/Akt pathway is 
necessary for NRF2-ARE-dependent protection against 
oxidative stress [40, 60]. Wang et al. [59] stated that 
NRF2 nuclear translocation is regulated by the PI3K/ 

/Akt pathway. Obesity is an excessive accumulation 
of adipose tissue that usually occurs due to increased 
energy consumption and decreased physical activity. 
Adipose tissue not only acts as an energy storage organ 
but also, as an endocrine gland, regulates metabolic 
homeostasis through the secretion of biologically ac-
tive compounds. Dyslipidemia, hyperglycemia, insulin 
resistance, and hypertension are among the most 
common pathological conditions associated with 
obesity, leading to metabolic diseases such as type 2 
diabetes, nonalcoholic steatohepatitis, and metabolic 
syndrome. Several researches have reported an asso-
ciation between NRF2 and obesity in lab animals [61, 
62]. Studies in NRF2 knockout mice have shown a lean 
phenotype [63, 64]. In addition to inducing antioxidant 
and detoxification target genes, NRF2 directly or indi-
rectly regulates groups of tissue-specific genes that are 
specific to the metabolism or synthesis of fatty acids 
and other fats [61]. Most of the effects of NRF2 in this 
regard are inhibitory, but their mechanism is not well 
understood. NRF2 induction in liver involves a reduc-
tion in lipid biosynthesis and hepatic lipid levels [65]. 
Overall, in addition to the protective effect against 
oxidative stress and its associated diseases, NRF2 has 
important role in long-term adaptation to metabolic 
conditions, such as responding to calorie restriction, 
as well as controlling lipid metabolism in normal and 
high-fat diets. 

As mentioned earlier, FGF21 is a peptide hormone 
that is mainly expressed and secreted in the liver and 
adipose tissue, regulates glucose and lipid metabolism, 
and induces insulin sensitivity. FGF21 increases lipid 
catabolism and mitochondrial oxidative activity by 
inducing lipolysis and oxidation of fatty acids, which 
can be associated with total body energy expenditure 
and increased thermogenesis in brown adipose tissue 
and white adipose tissue [30]. Such a decrease in serum 
triglycerides and lipid storage in the liver and skeletal 
muscle by FGF21 protects the body against lipid-
induced insulin resistance. Samms et al. reported that 
treatment of obese, hyperglycemic, insulin-resistant 
and leptin-deficient B6-ob/ob mice with FGF21 could 
normalize hyperglycemia despite markedly elevated 
endogenous FGF21 levels. FGF21 also prevents the 
development of fatty pancreas, pancreatitis, fatty liver, 
and steatohepatitis, thereby preventing advanced pa-
thologies such as pancreatic duct adenocarcinoma or 
liver cancer [66].

An increase in endogenous FGF21 levels, as seen in 
high-fat diets may be an anti-obesity condition against 
obesity which is associated with an increase in free fatty 
acids turnover and reduction in lipogenesis and glucose 
output. Therefore, obesity may be due to FGF21-resist-
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ant conditions that are associated with elevated FGF21 
blood levels [68]. Studies have shown that exogenous 
treatment of FGF21 induces ERK1/2 phosphorylation in 

adipose tissue. Activated ERK1/2 acts as an important 
signal for lipolysis and inhibits TG accumulation during 
adipogenesis and improves systemic insulin and glucose 

Table 1. Collaboration between NRF2 and FGF21 in Metabolic Homeostasis and Preventing Apoptosis and Diabetes 
Complications 

Explanation Ref

Cooperation of NRF2 and FGF21 

in metabolic homeostasis

NRF2 induction positively regulates hepatic FGF21 expression in oxidative 

stress, starvation, and amino acid depletion conditions

FGF21 is a stimulator for NRF2 antioxidant activity trough PI3K/Akt/GSK-3b/Fyn 

pathway

FGF21 inhibits type 2 diabetic lipotoxicity-induced cardiomyopathy by activat-

ing of both the antioxidant pathway mediated by AMPK-Akt2-NRF2 and the 

lipid-lowering effect of AMPK-ACC-CPT-1 in heart

[31]

[32, 33]

[34]

Cooperation of NRF2 and FGF21 

in preventing b-cell apoptosis

NRF2 activation preserves b-cell mass by reducing oxidative stress and inflam-

mation and increasing insulin sensitivity

FGF21 is induced by ER stress through PERK-eIF2a-ATF4-dependent pathway as 

a potent regulator of glucose homeostasis and protective factor against b-cells 

apoptosis via ERK1/2 and Akt signaling pathways

FGF21 activated ERK1/2 phosphorylates a large number of substrates localized 

in cytosol such as ribosomal S6 kinase (RSK), Mitogen- and stress-activated 

kinase 1/2 (MSK1/2) and MAPK-interacting kinases 1/2 (MNK1/2) and trans-

ports to the nucleus and regulate the activities of several transcription factors 

involved in regulation of cell metabolism and proliferation

FGF21 activates antioxidant mechanisms of uncoupling protein 3 (UCP3) and 

superoxide dismutase-2 (SOD2) which reduce ROS levels; ERK which suppress-

es the inflammatory pathway of NF-kB by activating CREB (cAMP responsive 

element binding protein); and MAPK and p38 pathway that activates AMPK 

and reduces apoptosis

 [40–42]

[49, 50]

[51, 52]

[27, 53]

Role of NRF2 and FGF21 in  

prevention of diabetic  

complications

Upregulation of NRF2 and its downstream antioxidant genes in response to 

hyperglycemia and oxidative stress regulate the cellular detoxification response 

and redox status, as well as providing a protective action against various oxi-

dative stresses and injuries

FGF21 effects on adipose tissue, leading to decreased blood glucose levels, 

increased insulin sensitivity, weight loss, and decreased serum lipids

NRF2 directly or indirectly regulates groups of tissue-specific genes that are 

specific to the metabolism or synthesis of fatty acids and other fats

NRF2 induction in liver involves a reduction in lipid biosynthesis and hepatic 

lipid levels

FGF21 increases lipid catabolism and mitochondrial oxidative activity by induc-

ing lipolysis and oxidation of fatty acids protecting the body against lipid-

induced insulin resistance

FGF21 induces ERK1/2 phosphorylation in adipose tissue as an important sig-

nal for lipolysis inhibiting TG accumulation during adipogenesis and improving 

systemic insulin and glucose tolerance

FGF21 increases insulin-independent glucose uptake into adipocytes by induc-

ing GLUT1 expression through b-klotho-ERK1/2-Elk-1/SRF signaling cascade

FGF21 inhibits pro-inflammatory factors such as TNF-a, IL-6, IL-1B, and MCP

[56]

[36, 57]

[59, 63]

[63, 64]

[27]

[65]

[65, 66]

[65]

AMPK — AMP-activated kinase; ARE — antioxidant response element; ER — endoplasmic reticulum; ERK — extracellular signal-regulated kinase;  
FGF21 — fibroblast growth factor 21; IL — interleukin; Keap1 — Kelch like-ECH-associated protein 1; MAPK — mitogen-activated protein kinase;  
NRF2 — nuclear factor E2-related factor 2; PERK — PKR-like ER kinase; PI3K — phosphatidylinositol 3-kinase; ROS — reactive oxygen species; TG — triglycerides; 
TNF-a — tumor necrosis factor a
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tolerance. Studies have reported that FGF21 increases 
insulin-independent glucose uptake into adipocytes by 
inducing GLUT1 expression through b-klotho-ERK1/2-
Elk-1/SRF signaling cascade, and a highly conserved 
cis-element within GLUT1 promoter [67]. Although 
ERK1/2 activity is essential for the early stages of adipo-
genesis, it must subsequently be inhibited to induce cell 
differentiation by PPARg. Non-phosphorylated PPARg is 
the main stimulator of adipocyte differentiation and 
its phosphorylation by ERK1/2 reduces transcriptional 
activity and inhibits differentiation [68].

Another important factor in the pathogenesis of 
diabetes is the chronic inflammation of adipose tissue 
through inflammatory agents. The inhibitory effects 
of FGF21 on many pro-inflammatory factors such as 
TNF-a, IL-6, IL-1B, and MCP1 [67], make it one of the 
appropriate therapeutic targets for diabetes.

Clinical implications
NRF2 and FGF21 can be considered as attractive 

therapeutic targets to control metabolic diseases. 
Because several studies have been shown that FGF21 
administration in obese and/or diabetic models increase 
energy intake, insulin sensitivity and glucose tolerance, 
and reduce hepatic storage and serum triglyceride lev-
els, and causes weight loss. Its short half-life (0.5–2 h),  
low intrinsic stability, and high aggregation propen-
sity make its drug production difficult [69]. However, 
researchers have tried to produce long-acting analogs 
of FGF21 and agonist monoclonal antibodies to form 
the FGFR1-b-klotho complex. Several FGF21 analogs 
and mimics have been designed that are in the testing 
phase. Other approaches to improve the pharmacologi-
cal properties of FGF21 have been described, including 
antibody fusion, and nanoparticles preparation to 
increase half-life, disulfide bonds to increase molecular 
stability, and recombinant forms for protease resist-
ance. What has been observed in these trials so far is 
a significant improvement in dyslipidemia, fatty liver, 
and serum markers of liver fibrosis in patients with 
non-alcoholic steatohepatitis [66–68]. However, barri-
ers to drug treatment with these FGF21 mimics include 
possible resistance to FGF21 in obesity, the presence 
of endogenous metabolizing enzymes for FGF21, and 
the presence of interspecific changes in the FGF21 
molecule that make it difficult to generalize results to 
human physiology [69]. 

Conclusions
Table 1 summarizes some important cooperation of 

NRF2 and FGF21 in hemostasis. Impaired glucose and 
lipid homeostasis, insulin resistance and chronic inflam-
mation are important complications of diabetes. FGF21 

and NRF2 can be considered as attractive biomarkers 
for the diagnosis of specific metabolic diseases as well 
as therapeutic targets for controlling diabetic complica-
tions. Although the regulatory role of NRF2 and FGF21 
in metabolic disorders is well established, most studies 
of therapeutic interventions based on NRF2 and FGF21 
have been conducted in animal models, which may not 
be directly applicable to humans. Therefore, further 
clinical studies are needed to determine the efficacy of 
NRF2 and FGF21 in diabetic patients, so that they can 
be considered as therapeutic targets in drug design. 
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