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A B S T R A C T

Exercise has well-characterized therapeutic benefits in the management of type 2 diabetes mellitus (T2DM). Most of the beneficial effects of exercise arise from the
impact of nuclear factor erythroid 2 related factor-2 (Nrf2) activation of glucose metabolism. Nrf2 is an essential controller of cellular anti-oxidative capacity and
circadian rhythms. The circadian rhythm of Nrf2 is influenced by circadian genes on its expression, where the timing of exercise effects the activation of Nrf2 and the
rhythmicity of Nrf2 and signaling, such that the timing of exercise has differential physiological effects. Exercise in the evening has beneficial effects on diabetes
management, such as lowering of blood glucose and weight. The mechanisms responsible for these effects have not yet been associated with the influence of exercise
on the circadian rhythm of Nrf2 activity. A better understanding of exercise-induced Nrf2 activation on Nrf2 rhythm and signaling can improve our appreciation of the
distinct effects of morning and evening exercise. This review hypothesizes that activation of Nrf2 by exercise in the morning, when Nrf2 level is already at high levels,
leads to hyperactivation and decrease in Nrf2 signaling, while activation of Nrf2 in the evening, when Nrf2 levels are at nadir levels, improves Nrf2 signaling and
lowers blood glucose levels and increases fatty acid oxidation. Exploring the effects of Nrf2 activators on rhythmic signaling could also provide valuable insights into
the optimal timing of their application, while also holding promise for timed treatment of type 2 diabetes.
1. Introduction

Exercise rearranges cellular metabolism in a variety of tissues,
particularly in contracting skeletal muscles to increase energy meta-
bolism.1 Lifestyle interventions that incorporate increased physical ac-
tivity are important preventive approaches in the management of
metabolic diseases such as obesity and type 2 diabetes mellitus (T2DM).2

Apart from the ability to increase energy expenditure, exercise also
modulates glucose homeostasis to benefit diabetic patients by affecting a
variety of metabolic pathways. For example, exercise decreases blood
levels of visfatin, an adipokine with pro-inflammatory and insulin
signaling inhibitory activities.3–5 Exercise activates Nrf2, which also
modulate circadian/metabolic genes (e.g. AMP-activated protein kinase
(AMPK), peroxisome proliferator-activated receptor-delta (PPAR-δ), and
cryptochrome 1 and 2 (CRY1/2) that leads to the regulation of metabolic
processes such as increase in glucose and fatty acid metabolism.6–8

Exercise guidelines generally recommend exercise volume, fre-
quency, and intensity that are effective in promoting health and pre-
venting or improving metabolic diseases,9,10 but rarely suggest the
optimal time of exercise, because there is insufficient evidence on the
biological effects of exercise timing. The award of the 2017 Nobel Prize
in Physiology or Medicine for the elucidation of the molecular mecha-
nisms of biological clocks further stimulated research in the circadian
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regulation of cellular function. While sports science focuses on the type
and intensity of exercise, chrono-exercise aims to maintain and improve
health by considering optimal times for exercise.

The optimal timing of exercise depends on the rate and type of
metabolism, which is determined by the biological clock, the organisms'
natural timing devices that regulate the cycle of circadian rhythms. The
biological clock is important in forming a rhythm of approximately 24
hours (h) per day, and disruption of the biological clock contributes to
various metabolic abnormalities, including obesity and diabetes.11

Oxidative stress coupled with low levels of Nrf2 (which are shared
components of the pathophysiology of T2DM) both exhibit diurnal var-
iations,12–14 where exercise-induced Nrf2 activation is likely to influence
the diurnal variations. Nrf2 is a transcription factor that regulates an
array of detoxifying and antioxidant genes. Nrf2 is highly regulated at
different levels, including by transcription and epigenetic modifications.
Exercise increases the transcription of Nrf2 by brain and muscle Arnt-like
protein-1 (BMAL1) gene activation. In response to various cellular
stressors, Nrf2 governs a cluster of antioxidant defense genes binding to
antioxidant response elements (AREs) located in their promoter re-
gions.15 When the cell is not stressed, Nrf2 binds to the KEAP1/Cul3
ubiquitin ligase complex and is continuously ubiquitinated, leading to a
short half-life.16 Exposure to cellular stress, such as moderate exercise,
produces ROS which modifies disulfide bonds in the cysteine residues in
KEAP1, so hindering its association with Nrf2. The free Nrf2 then
rmacology and Therapeutics, The University of British Columbia, 2176 Health

mber 2023

behalf of KeAi Communications Co. Ltd. This is an open access article under the

mailto:ilaher@mail.ubc.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.smhs.2023.09.001&domain=pdf
www.sciencedirect.com/science/journal/26663376
www.keaipublishing.com/smhs
https://doi.org/10.1016/j.smhs.2023.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.smhs.2023.09.001
https://doi.org/10.1016/j.smhs.2023.09.001


Abbreviations

AMPK AMP-activated protein kinase
ARE Antioxidant response element
BMAL1 Brain and muscle Arnt-like protein-1
CLOCK Circadian Locomotor Output Cycles Kaput
CREB cAMP response element binding protein
CRY1/2 Cryptochrome 1 and 2
FOXo3 Forkhead box O-3
GBE1 Glycogen branching enzyme 1
GLP-1 Glucagon-like peptide 1
GSIS Glucose stimulated insulin secretion

h hours
HIF-1; Hypoxia inducible factor-1α
IL-6 Interleukin-6
KEAP1 Kelch-like ECH-associated protein 1
Maf Musculoaponeurotic fibrosarcoma
Nrf2 Nuclear factor erythroid 2–related factor 2
PER1 Period 1
PER2 Period 2
PGAM5 Phosphoglycerate mutase/protein phosphatase 5
Phka1 Phosphorylase kinase regulatory subunit alpha 1
PPAR-δ Peroxisome proliferator-activated receptors-δ
UCP-2 Uncoupling protein-2
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translocates into the nucleus to form a heterodimer with the small pro-
tein Maf (Nrf2-Maf).17,18

Time-dependent exercise has different outcomes,19 as shown by the
greater increases in endurance capacity gained by evening exercise
compared to morning exercise,20 and the better glycemic control and
weight control in obese and overweight individuals due to evening
exercise.21–25 (Table 1) Moderate to vigorous exercise is more effective in
the evening where it reduced insulin resistance by 25%.26 Exercise in the
afternoon by patients at risk of diabetes experienced superior benefits on
peripheral insulin sensitivity, fasting plasma glucose levels, exercise
performance, increased fatty acid oxidation, and fat mass loss.27,28 While
morning exercise leads to an increase in blood glucose concentra-
tion.21,25 In 1981, Schmidt proposed the term “dawn phenomenon” to
describe the abrupt elevation of blood glucose levels that spontaneously
occur in the morning.29 The rise in blood glucose following morning
exercise has been linked to the extension of this phenomenon, likely
caused by elevated cortisol levels. However, it is worth noting that
plasma cortisol levels only experience a slight increase with morning
exercise whereas they double after evening exercise, which is associated
with lower blood glucose.30 These observations suggest that factors
beyond cortisol alone contribute to the elevation of blood glucose
following morning exercise.

While the advantages of evening exercise appear to be favorable for
individuals with metabolic impairments, the exact distinction between
the effects of morning and evening exercise remain unclear. Nrf2, which
regulates metabolism and its circadian rhythmicity, is also activated by
exercise. The effect of activated Nrf2 on the normal rhythm of Nrf2 can
affect Nrf2 signaling to impact glucose metabolism especially in T2DM.
Morning activation of Nrf2 by exercise is postulated to induce
Table 1
Effects of morning and evening exercise on metabolism.

Study Study Aim Outcomes

Morning Evening

Savikj et al.21 Effect of
morning and
evening
exercise on
blood glucose
levels

Morning exercise
increased glucose
concentrations.

Evening exercise
reduced glucose
concentrations

Moholdt et al.24

Toghi-Eshghi et al.25

Syeda et al.22

Kim et al.28

Mancilla et al.27 Effect of
exercise on
weight loss and
free fat mass

Weight loss is
lower and free fat
mass is higher

Weight loss is
higher and free
fat level is lower

Hill et al.20 Effect of timed
exercise on
endurance and
muscle mass

Lower muscle
mass and
endurance
capacity

Higher
endurance
capacity and
muscle capacity

Fan et al.31
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hyperactivation of Nrf2, which subsequently leads to a decrease in Nrf2
signaling. Conversely, exercise in the evening activates Nrf2 levels and
signaling when they are typically low to enhance glucose and fatty acid
metabolism.

Nrf2 modulates cellular oxidative stress by its ability to control the
basal and induced expression of an array of antioxidant enzymes by
binding to the antioxidant response element (ARE) in the promoter re-
gion of their genes. This greatly impacts pancreatic function. Given the
association between diabetes and oxidative stress, there has been a
growing interest in exploring Nrf2 activation as a potential novel
approach in managing T2DM.32–36 Furthermore, Nrf2 can independently
regulate several circadian genes such as interleukin-6 (IL-6), (which also
plays a crucial role on host defenses by stimulating acute phase responses
and immune reactions) as well as PPAR-δ and AMPK,37 which are major
regulators of metabolism. This review discusses the circadian rhyth-
micity of Nrf2 and how exercise at different times of the day can
modulate Nrf2 signaling and expression of metabolic genes, to modulate
a differential effect of timed exercise.

1.1. Nrf2 and circadian rhythms

Biological clocks provide a constant cycle (biological rhythm) that
regulates various physiological functions, including digestion, absorp-
tion, metabolism, endocrine processes,38 and pathological functions such
as cell death and cardiovascular diseases.39 Biological clocks in mam-
mals, including humans, are broadly classified into a central clock in the
suprachiasmatic nucleus (SCN, which resides in the microscopic
neuronal nucleus in the hypothalamus of the brain), and a peripheral clock
in other brain regions and all tissues in the body (such as liver, kidney,
adipose tissue, and skeletal muscle). Photic (light) stimulation is the most
important stimulus for central clock synchronization, where the photic
signal from the retina is transmitted to the SCN, and synchronization is
initiated by promoting the transcription of Per1 and Per2 (Period1 and
Period2) genes through phosphorylation of cAMP response element
binding protein (CREB). Circadian regulation of peripheral organs is
maintained by the central clock and a set of genes forming a transcrip-
tional autoregulatory feedback loop that includes CLOCK, BMAL1
(stimulatory), and PER1, PER2, CRY1, and CRY2 (inhibitory). Peripheral
organs are also regulated by stimuli other than the central clock (e.g.,
exercise and diet),40 via a negative feedback loop involving the tran-
scription and translation of clock genes in cells.

The Nrf2/ARE pathway is regulated by the circadian clock, which also
helps in the management of diurnal variations in oxidative stress.41,42

One of the main circadian genes, BMAL1, binds to the promoter region of
the Nrf2 gene through an E-BOX element resulting in rhythmic activation
of Nrf2. Other pathways can mediate the circadian rhythm by impacting
Nrf2 levels through BMAL1 genes, such as sirtuin 1/BMAL1, HIF-1α/B-
MAL1 (in response to oxygen levels), FOXO3/BMAL1 (activated by
insulin).43–45 The rhythmic activation of Nrf2 is confirmed by cyclic
changes in ARE-regulated anti-oxidative stress proteins such that when
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Nrf2 levels are at a circadian nadir, the expression of antioxidants such as
NQO1, GCLM, and HO1 are also at minimum levels.14,41 A negative
feedback mechanism of circadian rhythm is accomplished by the binding
of Nrf2 to specific enhancer regions of the core clock repressor gene CRY1
and 2, leading to increased CRY1 and 2 expression and repressed
CLOCK/BMAL1-regulated E-box transcription. Together these data
indicate that Nrf2 and the clock form an interlocking loop that integrates
cellular redox signals into tissue-specific circadian rhythmicity. The
rhythmicity of Nrf2 leads to a timing-induced differential effect of Nrf2
activators,46 as demonstrated by a greater effect of sulforaphane in pre-
venting pulmonary fibrosis when applied at the nadir of Nrf2 levels when
oxidative stress are at their highest levels.47 The redox regulation of
circadian rhythms in cardiovascular health has led to proposed preven-
tive strategies through "chrono" therapy.48
1.2. Nrf2 and metabolism

The biological clock systems collectively regulate several metabolic
targets, such as insulin sensitivity, insulin secretion, cholesterol synthe-
sis, fat synthesis, oxidation, and energy expenditure which can be
rhythmically linked with Nrf2 activation throughout the 24-h daily
cycle.49

Nrf2 contributes to the maintenance of glucose homeostasis in vivo by
many mechanisms, one of which is the protection of pancreatic β cells
from oxidative stress and improving peripheral tissue glucose utiliza-
tion.50 Activation of Nrf2 in skeletal muscles enhances the transcription
of GBE1 and Phka1, resulting in reduced muscle glycogen content and
increased glucose uptake and leading to improved glucose tolerance.51

Nrf2 also improves glucose uptake in skeletal muscles by enhancing
Fig. 1. Exercise activates nuclear factor erythroid 2-related factor 2 (Nrf2) in
skeletal muscles and binds to the antioxidant response element (ARE) region in
the promoter region of the interleukin 6 (IL-6) gene, leading to increased tran-
scription and increased IL-6 protein which in turn causes the activation of AMP-
activated protein kinase (AMPK). AMPK is also directly activated by exercise and
activates Nrf2 through a feedback loop. AMPK negatively regulates phospho-
glycerate mutase/protein phosphatase 5 (PGAM5) which increases
NRF2 signaling.
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the transcription of IL-6,52 to indirectly activate AMPK via IL-6 during
exercise53 (Fig. 1). Nrf2 positively regulates fatty acid oxidation by a
variety of mechanisms, one of which is the stimulation of carnitine pal-
mitoyltransferase 1 (CPT1) and CD36 to ease the passage of fatty acids
into the mitochondria for oxidation.53,54 Similarly, Nrf2 influences
PPARα, and PPARβ/δ which have roles in the expression of fatty acid
oxidation enzymes in skeletal muscle.55–58 Increased Nrf2 signaling in
the mouse liver is associated with repression of lipogenesis.59 While Nrf2
activates NADPH production through the upregulation of pentose phos-
phate pathway, it alsomaintains the NADPH level by suppressing NADPH
consuming processes of which lipid biosynthesis is a major one.

In summary Nrf2 activation by exercise is a robust zeitgeber (external
regulator),60,61 that modulates glucose metabolism and fatty acid oxida-
tion and fat synthesis to improve the management of T2DM (Table 2).
1.3. Exercise and Nrf2 signaling in skeletal muscle

Exercise in humans is affected by the time of day in which it is per-
formed, typically falling into morning or evening chronotype.62,63 Tissue
sensitivity and response to exercise vary according to the time of day,
indicating that the expression of purported molecular clock genes may be
related to the time of exercise.64,65 Exercise performed at different times
of day influences skeletal muscle metabolic pathways and endurance
capacity. Thus, the timing of exercise may favor a close alignment be-
tween tissue clocks and promote coherent and efficient temporal gating
of metabolic processes.

One of the main outcomes of contraction on skeletal muscle is the
activation of Nrf2, which stimulates the transcription of IL-6 and regu-
lates glucose and fatty acid metabolism.66 (Fig. 1) IL-6 is the most
abundant myokine produced and released by skeletal muscle fibers in
response to muscle contraction.67 IL-6 promotes pancreatic α-cell
expansion and improves insulin secretion and hyperglycemia by stimu-
lating glucagon-like peptide 1 (GLP-1) secretion from intestinal L cells
and pancreatic α cells.68,69

IL-6 also activates AMPK (Fig. 1) to stimulate glucose uptake and lipid
oxidation to produce energy,70 while turning off energy-consuming
processes including glucose and lipid production to restore energy bal-
ance. AMPK controls whole-body glucose homeostasis by regulating
metabolism in multiple peripheral tissues, such as skeletal muscle, liver,
adipose tissues, and pancreatic β cells.71 AMPK also activates the
Nrf2/HO-1 pathway, revealing a strong interaction between cellular
redox and energy/metabolism. Genetic ablation and pharmacological
Table 2
Metabolic effect of circadian genes.

Gene Activity

IL-6 � Activates AMPK
� Stimulates glucagon-like peptide 1 (GLP-1) secretion from intestinal L

cells and pancreatic α cells

Nrf-2 � Activation of PPAR-δ.
� Increase glucose flux through the pentose phosphate pathway.
� Increase glycolysis
� Inhibition of fat synthesis by sequestering NADPH
� Increase oxidation of fatty acid and glucose.
� Increase in glucose metabolism

CRY 1/
2

� Activated in morning exercise but not activated in evening exercise.
� Degradation of PPAR-δ

PPAR- δ � Increase glucose and fatty acid metabolism
� Suppress hepatic glucose output.
� Increase glucose flux through the pentose phosphate pathway.
� Enhance glucose stimulated insulin secretion (GSIS)

AMPK � Higher levels of AMPK lead to the degradation of CRY1/2 leading to
increased PPAR- δ activity.

Abbreviation: IL-6 ¼ interleukin-6, Nrf-2 ¼ Nuclear factor E2 related factor-2,
CRY1/2 ¼ Cryptochrome 1and 2, PPAR-δ ¼ Peroxisome proliferator-activated
receptors-δ, AMPK ¼ AMP-activated protein kinase.
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inhibition of AMPK downgrades Nrf2-dependent HO-1 expression.72 In
addition to IL-6 induced activation of AMPK, AICAR monophosphate
(ZMP), which is also exercise induced also activates AMPK in a
time-dependent manner with peak activation in the later part of the day.
The summation of these effects is higher levels of AMPK with evening
exercise compared to morning exercise (Table 4).73 Since the metabolic
consequences of AMPK activation are stimulation of glycolysis and in-
hibition of lipid synthesis as well as activation of fatty acid oxidation,74

variations in AMPK level results in high blood glucose levels after
morning exercise and lower level of glucose with evening exercise.

AMPK also influences fatty acid metabolism by activating peroxisome
proliferator-activated receptor-delta (PPAR-δ) by AMPK-dependent
phosphorylation of PGC1α,75 and degradation of CRY1/2 which is
responsible for metabolizing PPAR-δ (Fig. 2). Activation of PPAR-δ reg-
ulates fatty acid uptake, transport, and β-oxidation as well as insulin
secretion and sensitivity.76 Ligand activation of PPAR-δ in muscle cells
switches energy production from glycolysis to fatty acid oxidation as an
alternative energy source to enhance muscle endurance.31 Activation of
PPAR-δ in skeletal muscle cells increases fatty acid uptake and catabolism
via β-oxidation.77 PPAR-δ is expressed by pancreatic islet cells to enhance
the secretion of insulin,78–80 and PPAR-δ reduces insulin resistance by
regulating hepatic and peripheral energy substrate utilization.81,82

(Table 2) Evening exercise serving as a non-pharmacological activator of
Nrf2 and PPAR- δ, reduces oxidative stress to enhances pancreatic
secretion of insulin.83
1.4. Morning vs. evening exercise and Nrf2 rhythmicity and signaling

Nrf2 enhances glucose and fatty acid oxidation and improves glucose
tolerance through several mechanisms. However, it is surprising that
morning exercise which activates Nrf2 also increases blood glucose levels
and lowers fatty acid oxidation compared to evening exercise (Table 2).

Exercise is a zeitgeber that activates Nrf2 in skeletal muscles and
other tissues,84–86 but the effect of exercise timing on Nrf2 activation and
signaling is poorly described. Morning exercise appears to result in
diminished Nrf2 signaling in comparison to evening exercise, as indi-
cated by the evidence of genes under Nrf2 control. The expression level of
Fig. 2. Circadian gene expression for metabolism in the pancreas and skeletal
muscle. Morning exercise lowers Nrf2 signaling due to low AMP-activated
protein kinase (AMPK) and high cyptochrome 1/2 (CRY1/2) levels, causing
low levels of activation of peroxisome proliferator-activated receptors-δ
(PPAR-δ). Evening exercise leads to high nuclear factor erythroid 2–related
factor 2 (Nrf2) signaling and high AMPK and low CRY1/2 levels and increases in
the activation of PPAR-δ. AMPK activates NRF2 through a feedback loop.
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BMAL1 serves as a direct indicator of Nrf2 levels,87 as BMAL1 typically
binds to the Nrf2/ARE promoter through the E-box element to directly
regulate the transcription of Nrf2.88(Fig. 3 and 4) The impact on the
rhythm of clock gene expression was assessed by measuring BMAL1 gene
expression following a single session of moderate-intensity endurance
exercise using a bicycle ergometer. The exercise was conducted at two
different time points: 7:00 a.m. (morning exercise) and 4:00 p.m. (eve-
ning exercise). The findings were then compared to individuals who did
not engage in any exercise.89 Individuals who did not engage in exercise
demonstrated a peak expression of BMAL1 at 3:00 p.m. In contrast, those
who performed morning exercise exhibited a peak expression at 9:00
a.m., which remained at a steady plateau for 6 h before undergoing a
rapid decline. (Fig. 3). The sustained activation of the Nrf2 pathway with
morning exercise can result in reduced Nrf2 signaling and disrupt the
balance of redox reactions, leading to the initiation of detrimental
oxidative stress.90,91 Others studies also demonstrates that the response
to repetitive Nrf2 signaling was diminished, suggesting an adaptive
process taking place.92 Following activation, Nrf2 exhibits oscillations
between the cytoplasm and nucleus, with the cytoplasmic refresh rate of
Nrf2 playing a crucial role in modulating the transcriptional response,
particularly during persistent activation.93 The mitochondrial phospha-
tase PGAM5 play a role in reducing the refresh rate of Nrf2 by interacting
with the KEAP-Nrf2 complex. This interaction leads to the sequestration
of Nrf2 within the mitochondria, thereby repressing Nrf2-dependent
signaling.94 Inhibition or silencing of PGAM5 leads to a robust activa-
tion of Nrf2. Intriguingly, AMP-activated protein kinase (AMPK) can
negatively regulate PGAM5 by reducing its expression. This regulation by
AMPK contributes to the modulation of Nrf2 activity.95 Hence, engaging
in morning exercise, which is associated with decreased activation of
AMPK, may lead to an elevation in PGAM5 levels, resulting in reduced
Nrf2 signaling. Conversely, evening exercise, characterized by increased
AMPK activation could decrease PGAM5 levels and enhance Nrf2
signaling (as illustrated in Fig. 1). The impact of Nrf2 signaling can be
confirmed by examining the levels of substances whose transcription is
facilitated by Nrf2 as IL-6 and antioxidants. Following morning exercise,
the effects of Nrf2 on these agents may be diminished due to persistent
activation, leading to increased oxidative stress, as indicated by elevated
levels of malondialdehydes.90 To further verify the reduced Nrf2
signaling following exercise, studies have shown that high-intensity ex-
ercise which depicts persistent activation of Nrf2 leads to decrease levels
of superoxide dismutase (SOD) after exercise because SOD levels are
regulated by Nrf2 transcription.96,97

Following evening exercise, there was a gradual and consistent rise in
BMAL1 expression, reaching the highest point of the experiment around
6:00 p.m., followed by a decline to its lowest level at 6:00 a.m. the
Fig. 3. Illustration of the effect of morning exercise on brain and muscle Arnt-
like protein-1 (BMAL1) gene expression adapted from Tanaka et al.89Morning
exercise at 7:00 a.m. shifts the peak expression to 9:00 a.m. from 3:00 p.m.
followed by a plateau for 6 h before declining rapidly.



Fig. 4. Illustration of the effect of evening exercise on brain and muscle Arnt-
like protein-1 (BMAL1) expression adapted from Tanaka et al.89 Evening at
exercise at 4:00 p.m. extends the peak to 6:00 p.m. before declining.

Table 3
Exercise timing and exerkine/myokine level.

Exerkine/
myokine

Level of exerkine after morning
exercise

Level of exerkine after evening
exercise

Nrf2 signaling Low High
IL-6 Low High
AICAR Low High
AMPK Low High
CRY1/2 High Low
PPAR-δ Low High
PGAM5 High Low

Abbreviation: Nrf2¼ Nuclear factor E2 related factor-2, IL-6 ¼ interleukin-6,
AICAR ¼ 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside, AMPK ¼
AMP-activated protein kinase, CRY1/2 ¼ Cryptochrome 1/2 ¼ PPAR-δ ¼
Peroxisome proliferator-activated receptors-δ, PGAM5 ¼ mitochondrial serine/
threonine-protein phosphatase.

Table 4
Summary of the impact of morning and afternoon exercise on metabolism.

Parameters Morning exercise Afternoon exercise

Nrf2 signaling Low High
Glucose metabolism Low High
Fatty acid metabolism Low High
Fat synthesis High Low

Abbreviation: Nrf2¼ Nuclear factor E2 related factor-2.
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following morning (as depicted in Fig. 4). The elevated levels of IL-6
observed after evening exercise, compared to morning exercise are
likely attributed to the increased Nrf2 signaling in the evening.28 Nrf2
serves as a transcription factor by binding to the promoter region known
as the antioxidant response element (ARE).98 The IL-6 gene consists of an
ARE (ARE 50-TGACXXXGC-30) in the promoter region. Findings fromNrf2
knock-out mice demonstrate that Nrf2 is a potent activator of IL-6 gene
transcription in vivo. 98Exercise triggers NRF2 activation, resulting in a
significant elevation of plasma IL-6 levels, up to 100-fold as well as an
increase in glucose consumption.

Following morning exercise, AMPK levels are typically lower, which
can be attributed to the diminished stimulatory effect of IL-6 on AMPK
activation. However exercise itself can directly activate AMPK due to the
energy-depleted state induced.99,100 AMPK in turn, activates Nrf2
through phosphorylation (Fig. 1), highlighting the interconnected and
cooperative nature of AMPK and Nrf2 signaling in restoring cellular
homeostasis.101,102 Consequently, the disruption of Nrf2 signaling after
morning exercise leads to reduced levels of IL-6 and AMPK (Table 3).

1.5. Benefits of evening exercise on pancreatic function

The initial evidence of circadian rhythms in glucose metabolism was
documented during the 1960s.103 Studies indicated that glucose toler-
ance in humans was generally lower in the evening compared to the
morning.104,105 The diurnal variation in glucose tolerance is remarkably
significant, with adults who exhibit normal glucose in the morning
potentially displaying metabolic profiles similar to those of individuals
with prediabetes in the evening.106,107 Oral glucose tolerance studies
conducted on individuals with prediabetes reveal that blood glucose
levels are approximately 40 mg/dL higher in the evening compared to
the morning in non-diabetic patients. These elevated evening levels of
blood glucose are comparable to those observed in individuals with
pre-diabetes and early-stage diabetes during dinner time. Insulin sensi-
tivity and β-cell reactivity to glucose also exhibit diurnal variations,
leading to variations in glucose levels.108 The rhythmicity of blood
glucose levels is related to fluctuations in Nrf2 levels, which are higher in
the morning at the onset of the fed/active phase compared to the eve-
ning.109 Oxidative stress is also higher in the evening due to the low
levels of Nrf2,110,111 as several antioxidant genes regulated by Nrf2 via
ARE promoter regions also display a circadian rhythm.112,113

Pancreatic β cells are particularly susceptible to oxidative stress due to
their high endogenous production of reactive oxygen species (ROS) and
their low antioxidant capacity, suggesting that oxidative stress plays an
important role in β cell activity and failure.114 Nrf2 limits oxidative
damage to pancreatic β-cells by repressing apoptosis and enhancing
proliferation,50 decreasing inflammation, increasing insulin secretion,
and preserving β-cell mass.115 Insulin secretion follows a circadian
rhythm, with higher level of glucose stimulated secretion (GSIS) in the
morning compared to the evening.116 Melatonin activates the phospho-
lipase C/IP3 and Nrf2 pathways which mobilizes Ca2þ from organelles
and consequently increases insulin secretion.117,118

Levels of Nrf2 rapidly decline during the inactive phase, causing
simultaneous increases in oxidative stress that eventually peaks in the
early evening,13 leading to the activation of uncoupling protein-2
(UCP-2) (Fig. 5) and the uncoupling of the electron transport chain
function (to reduce ATP production and insulin secretion). However,
engaging in evening exercise gradually raises the level of BMAL1 (Fig. 4).
This increase in BMAL1 peaks around 6:00 p.m. and then gradually
decrease throughout the night.89 Consequently, Nrf2 activation in-
creases, leading to the transcription of antioxidants and subsequently
reducing oxidative stress. This reduction in oxidative stress promotes an
increase in glucose stimulated insulin secretion (GSIS).

2. Future directions

To comprehend the connection between T2DM and oxidative stress
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more effectively, it is crucial to gain a deeper understanding of the Nrf2/
KEAP/ARE pathway and its involvement in the circadian regulation of
physiological functions. This pathway serves as a master antioxidant
system, and any dysfunction within it is associated with the pathophys-
iology of diabetes and numerous complications associated with the
condition. By investigating the role of the Nrf2/KEAP/ARE pathway in
circadian rhythm, we can shed light on its impact on T2DM and poten-
tially develop a timed therapeutic approaches for managing T2DM and its
related complications.119

The activation of Nrf2 presents a unique and innovative strategy for
managing diabetes and its associated complications.34 Exercise induces
the activation of Nrf2, and its effects vary depending on whether it is
performed in the morning or evening, implying that there might be a
specific optimal timeframe to activate Nrf2 in patients with T2DM. In-
sulin secretion follows a circadian rhythm, with higher level of GSIS in
the morning compared to the evening.116 The combination of exercise
and Nrf2 activators leads to greater activation of Nrf2 than either exercise
or Nrf2 activators alone. A combination of Nrf2 activators, exercise, and
metformin reduced diabetic complications (e.g., gain weight, water,



Fig. 5. Theoretical diurnal variations in nuclear factor erythroid 2-related factor
2 (Nrf2) and oxidative stress in the pancreas. Oxidative stress activates uncou-
pling protein 2 (UCP2) and reduces ATP synthesis and insulin secretion at the
nadir of NRF2 activation leading to low glucose stimulated insulin secre-
tion (GSIS).
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calorie intake, blood glucose, insulin, and GLUT4 content) more effi-
ciently than each treatment.120–122 The combinations exhibited a greater
impact on enhancing oxidative stress homeostasis by effectively acti-
vating Nrf2 signaling pathway and reducing the KEAP1 protein to a
greater extent, but without considering the timing of Nrf2 activation.123

The safety of the long-term effects of the combination therapy that in-
cludes Nrf2 activators is complicated by the role of Nrf2 in cancer onset
and treatment.124

The activation of Nrf2 has demonstrated effectiveness in modulating
glucose metabolism through exercise, pharmacological means, or the
circadian rhythm. However, limited attention has been given to the
timed activation of Nrf2. By attributing the variation in Nrf2 level and
signaling between morning and evening exercise, it becomes evident that
there might be an optimal time for Nrf2 activation. Although the effects
have been observed with exercise, it remain uncertain whether Nrf2
activators, with lower activation potential will exhibit similar differential
effect when applied. Further studies will be necessary in the future to
investigate this aspect. Additionally, considering that blood sugar levels
are notably higher in the evening it may be crucial to determine the most
suitable time for administering antidiabetic medication. Furthermore,
additional research should be conducted to confirm the oxidative state
during morning and evening exercise to establish Nrf2 signaling status.

3. Conclusion

Despite previous reports that evening exercise reduces blood glucose
levels and leads to weight loss, the mechanisms of these effects are poorly
understood. Comprehending the role of Nrf2 in glucose metabolism, its
rhythmicity, and the impact of chrono exercise on Nrf2 signaling helps in
establishing an optimal exercise time for individuals with type 2 diabetes.
The hypothesis proposed in this review suggests that Nrf2 signaling is
diminished after morning exercise compared to evening exercise, leading
to decreased blood glucose levels and heightened fatty acid oxidation
with afternoon/evening exercise. This observation sheds light on the
observed benefits of evening exercise for type 2 diabetics and instills
confidence in recommending exercise during that time. Furthermore, this
understanding can aid in determining the ideal timing for administering
Nrf2 activators which holds promise as a future treatment for diabetes.125

Chronotherapy is effective in several instances, such as timely adminis-
tration of aspirin to prevent myocardial infarction.126 Lastly the study
may also contribute to identifying the most effective timing for admin-
istering antidiabetic drugs to achieve maximum efficacy in individuals
with type 2 diabetes.
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