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Abstract

Circadian disruption is the bane of modern existence and its deleterious effects on health,
especially diabetes and metabolic syndrome have been well recognized in shift workers. Recent
human studies strongly implicate a ‘dose-dependent’ relationship between circadian disruption
and diabetes. Genetic and environmental disruption of the circadian clock in rodents leads to
diabetes secondary to -cell failure. Deletion of Bmall, a non-redundant core clock gene, leads to
defects in B-cell stimulus-secretion coupling, decreased glucose-stimulated ATP production,
uncoupling of OXPHOS and impaired glucose-stimulated insulin secretion. Both genetic and
environmental circadian disruptions are sufficient to induce oxidative stress and this is mediated
by a disruption of the direct transcriptional control of the core molecular clock and Bmall on
Nrf2, the master anti-oxidant transcription factor in the p-cell. In addition, circadian disruption
also leads to a dysregulation of the unfolded protein response and leads to endoplasmic reticulum
stress in B-cells. Both the oxidative and ER stress contribute to an impairment of mitochondrial
function and B-cell failure. Understanding the basis of the circadian control of these adaptive stress
responses offers hope to target them for pharmacological modulation to prevent and mitigate the
deleterious metabolic consequences of circadian disruption.
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Introduction

The circadian clock is evolutionarily conserved and serves to allow the organism to
anticipate environmental changes and adapt its metabolism and behavior to attain a survival
advantage [1]. In mammals, the circadian clock is composed of a web of cell-autonomous
and self-sustained oscillators residing not only in the hypothalamic suprachiasmatic nucleus
(central clock), but also in every cell (peripheral clock) [2]. The importance of the circadian
clock in metabolism has been convincingly demonstrated in various gene deletion models
which display significant impairments in glucose and lipid metabolism. In addition, human
studies have also associated perturbations of the circadian rhythm with metabolic
abnormalities, especially diabetes and metabolic syndrome [3-5]. With modern lifestyle
with significant light induced circadian disruption, “social jet lag” is widely prevalent and its
long term metabolic effects are yet to be studied. Furthermore, mutations in some circadian
related genes have been identified to be strongly associated with beta cell dysfunction and
diabetes [6-9]. While there has been more insight into the mechanistic underpinnings of
circadian regulation of B-cell function, there remains much to be still determined. Here we
review the recent understanding on the circadian regulation of p-cell function with an
emphasis on stress pathways that are circadian regulated.

Molecular basis of circadian oscillations — the molecular clock

Circadian rhythms are driven by cell-autonomous oscillating circadian molecular clocks
built upon molecular feedback loops [10, 11]. The molecular clock (Fig. 1) comprises a core
loop that entails the transcription factor Bmall (Brain and muscle aryl hydrocarbon receptor
nuclear translocator-like protein-1 and also called as Mop3 or Arntl - Aryl hydrocarbon
receptor nuclear translocator-like) and its partner Clock (or its orthologue Npas2)
transactivating promoter E-box elements of Period (Perl& 2) and Cryptochrome (Cry 1&2),
which in turn inhibit the transactivation by Bmall/Clock. This feedback loop generates an
oscillation of ~24 hr rhythmicity [12-18], with other loops (ROR/Rev-erba/B) adding
robustness. Bmlal/Clock transactivate many other genes, by binding to cis-acting promoter
E-box elements, to regulate metabolism and many homeostatic processes including cell
cycle control, DNA damage response genes, nuclear hormone receptors such as PPARa
[19-22] directly or indirectly by regulating other transcription factors such as DBP, TEF and
E4BP4 [23]. On the other hand, the clock proteins are themselves regulated by certain
metabolic sensors, such as the NAD-dependent histone deacetylase, Sirtl [24-26] and Sirt3
[27] and PGC-1a [28, 29]. On the other hand, the clock proteins are themselves regulated by
certain metabolic sensors, such as the NAD-dependent histone deacetylase, Sirtl [24-26]
and Sirt3 [27] and PGC-1a [28, 29].

Organization of the body clocks

The molecular clock is present in all cell types, including pancreatic islets [30-34] and is
maintained ex vivo [33] and in cultured cells [35]. Light is the primary entrainment signal to
the central clock in the hypothalamic suprachiasmatic nucleus (SCN), which functions as the
pacemaker [36] by synchronizing all peripheral clocks via neuro-humoral pathways [37, 38]
(Fig. 2). In addition, other entrainment signals include activity, temperature and food,
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though food impacts peripheral clocks in metabolically active tissues to a much larger
degree as an entraining signal [39-41]. The roles of central and peripheral clocks have been
demonstrated by genetic (tissue-specific deletions of clock genes) and environmental
(constant light, jet lag and restricted feeding protocols) interventions [42—45].

Circadian control of physiology and metabolism

~10% of all transcripts have a circadian rhythm [46, 47] that is tissue-specific, while a third
of all nuclear receptors that play critical roles in metabolic homeostasis [22, 48], display
circadian rhythm. Furthermore, circadian control of various metabolic pathways appears to
be most apparent on rate-limiting steps [46], compelling evidence that it is required for
normal homeostasis. Interestingly, metabolic sensors, such as Sirtl [24-26], AMPK [49] and
PGC-1a [28, 29] feed back to the core clock. Finally, targeted disruptions of clock genes
result in striking metabolic disturbances (Table 1).

Circadian disruption and diabetes

Disruption of circadian rhythm, the daily oscillations in the physiology and behavior of
organisms has been associated with metabolic disorders [4, 50, 51]. Bmall, a core clock
gene, has been associated with type 2 diabetes (T2D) and hypertension [52], while genome-
wide association studies have implicated MTNRL1b, a circadian rhythm related gene, in T2D
and impaired B-cell function [6-8]. Circadian misalignment, as occurs in over 8.6 million
Americans shift workers [53], is associated with obesity, metabolic syndrome and increased
mortality [4, 5, 50, 54, 55] and recent data reveal that there is an excess risk of up to 60% of
T2D with rotating shift work [56, 57] and this risk is independent of associated obesity and
appears cumulative with increasing duration of shift work. There are lot of epidemiological
studies from shift workers that indicates that circadian misalignment profoundly affects
glucose and metabolic homeostasis, with a higher prevalence of metabolic syndrome,
obesity and type 2 diabetes. In addition, there appears to be an increased risk for diabetic
patients to worsening of their diabetes control with increasing duration of shift work. Recent
studies using healthy young and aged volunteers subjected to various combinations of
circadian misalignment and sleep deprivation revealed that sleep deprivation combined with
3 weeks of circadian misalignment led to significant glucose intolerance with a relatively
lesser rise in insulin secretion [55, 58]. (Callout #1)

Bmall-- mice, a unique model of circadian disruption

The non-redundant role of Bmall in molecular clock function has been demonstrated by
arrhythmicity of the free-running body clock, without light entrainment, in mice with a
global deletion of Bmall [13].These mice have metabolic disruptions [32, 33, 42, 59-61]
and a premature aging phenotype [62, 63], making it difficult to tease out the tissue specific
role of Bmall. These mice display significant impairments in glucose homeostasis and
significant hypoglycemia on fasting secondary to impairments in gluconeogenesis in the
liver. However in the fed state they display glucose intolerance despite no significant insulin
resistance. This is due to impairment in glucose stimulated insulin secretion in vivo. Isolated
islet studies from these mice display impairment in ex vivo glucose stimulated insulin
secretion. Since many of these mice become very sick and die by 7-8 months of age, it was
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necessary to specifically address whether this impairment in 3-cell function in the global
Bmall knockout mice was secondary to the critical function of the molecular clock and
Bmall in B-cells.

Cell-autonomous Bmall function is required for normal p-cell function

We and others have shown that deletion of Bmall leads to progressive glucose intolerance,
hypoinsulinemia and diabetes [32, 33, 42, 60]. We demonstrated that this is a consequence
of impaired B-cell function with impaired GSIS in vivo and in isolated islets, but not with
depolarizing secretagogues such as KCI, suggesting that Bmall is required for glucose-
induced stimulus-secretion coupling [32]. This was not secondary to insulin resistance[32].
We demonstrated this in knockdown experiments [32], suggesting a cell-autonomous
function of Bmall in B-cells. In vivo confirmation of the cell-autonomous role of Bmall in
j-cell function came from three independent labs reporting the phenotype of mice in which
Bmall was deleted in a tissue specific manner, using Bmall floxed mice which had the
DNA binding domain flanked by LoxP sites, in the whole pancreas (Bmall floxed mice
crossed with Pdx1-Cre transgenic mice) [33, 34] or only in the B-cells of the islet (Bmall
floxed mice crossed with Rip-Cre transgenic mice)[64]. Though both of these transgenes
under Pdx1 and Rip promoters are expressed widely in the brain, they were shown not to
disrupt Bmall in the SCN excluding confounding results from central clock disruption. Both
these models displayed diabetes, significant impairment in glucose stimulated insulin
secretion (GSIS) due to B-cell dysfunction (Fig. 3). Further in vivo experiments in these
mice with a disrupted clock, in B-cells and in vitro using genetic knockdown in insulinoma
cells revealed that deletion of Bmall was sufficient to impair GSIS in p-cells [32, 64].

Circadian regulation of mitochondrial OXPHOS in p-cells

Mitochondrial metabolism is critical for GSIS in -cells [65, 66]. Circadian control of B-cell
mitochondrial metabolism has not been studied though there is evidence that the circadian
clock regulates mitochondrial metabolism in heart [67] and skeletal muscle [68]. Our
previous studies [32, 64] suggest that Bmall is required for GSIS and that this was shown to
be a result of impairment in mitochondrial OXPHOS, as shown by a decrease in glucose
induced hyperpolarization of the inner mitochondrial membrane (assessed by the JC-1
assay). In this assay, addition of the dye JC-1 to -cells leads to a green cytoplasmic
fluorescence from monomers of the dye in the cytosol. On glucose stimulation, there is
increased metabolism of glucose through the TCA cycle and subsequent increase in
potential gradient across the inner mitochondrial membrane. This hyperpolarization leads to
the import of the JC-1 dye into the mitochondria, wherein it polymerizes and emits red
fluorescence. This ratio of red/green fluorescence is a measure of the glucose-induced
changes in potential gradient across the inner mitochondrial membrane. As shown in Fig. 4,
disruption of the B-cell clock in B-cell specific Bmall knockout mouse islets leads to
impairment in hyperpolarization of the mitochondria on glucose stimulation. This results in
a reduction in the glucose-induced ATP/ADP ratio, the critical signal to the ATP responsive
KaTp channels and subsequent insulin granule exocytosis. Other experiments have also
implicated changes in vesicular trafficking and exocytosis related genes in beta cells in clock
disrupted islets [33] that may be contributory factors. The molecular clock regulation of
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NAD-+ bioavailability has been shown in hepatocytes to regulate mitochondrial metabolism
[27] via circadian regulation of intracellular Nampt-mediated NAD+ generation that
activates Sirt3 and activating mitochondrial metabolism by deacetylation of key proteins.
Whether a similar mechanism of circadian regulation of mitochondrial metabolism exists in
—cells needs to be determined, given the reportedly low levels of intracellular Nampt in -
cells [69]. However, non-cell autonomous regulation by systemic nicotinamide
mononucleotide (NMN) a precursor of NAD+, may be still involved in p-cell mitochondrial
metabolism. (Callout #2)

Circadian disruption and Uncoupling in B-cells

Ucp2 has been implicated in p-cell dysfunction [70] that is associated with glucolipotoxicity
[71] and its overexpression leads to impaired GSIS [72, 73], while its knockdown or
deletion leads to improvement in GSIS [74, 75]. In addition, polymorphisms in Ucp2 that
increase its expression have been strongly associated with T2DM especially in patients with
BMI>30 [76]. Despite such convincing data, there are still uncertainties as many factors that
still remain unknown with respect to the physiological function of Ucp2 [70] that under
normal circumstances appears to be expressed at a very low level and is increased only in
pathological states associated with impaired GSIS. We have shown that Ucp?2 is upregulated
in Bmall~~ islets and contributes to impaired GSIS [32, 64]. Indeed, the use of Genepin, a
specific Ucp2 inhibitor, rescues the impaired GSIS in Bmall-deficinet islets. This rise in
Ucp?2 appears to be secondary to the ROS increase seen in Bmall-deficient islets, though
other mechanisms may exist for this upregulation in circadian clock disrupted islets, since
many known regulators of Ucp2 in B-cells, such as NAD*-dependent Sirt1[77-79], Srebplc
[80] and PGC-1a [81] are also regulated by the circadian clock in other tissues.

Aging, Diet-induced obesity (DIO) and p-cell function

Metabolic demand placed by increasing need for insulin secretion, with insulin resistance
associated with aging and DIO, two common risk factors for T2D in humans, leads to
compensatory islet hypertrophy and enhanced insulin secretion. When this stress, including
glucolipotoxicity, oxidative and ER stress, is very severe or chronic, it leads to activation of
stress pathways including oxidative and ER stress, eventually resulting in B-cell dysfunction,
apoptosis and failure [82-85]. While circadian disruption also leads to an increased risk of
oxidative and ER stress, it appears that there might be an additive effect when these risk
factors are put together suggesting that this may be one of the underlying causes of the
increased susceptibility of oxidative and ER stress induced B-cell failure in aged and obese
individuals with circadian misalignment.

Oxidative stress, Islets and circadian clock

Oxidative metabolism is one of the major contributors of reactive oxygen species (ROS) and
mechanisms to mitigate this have evolved concurrently. There are many mechanisms that
have evolved to protect the cell from ROS, including the antioxidant enzymes (glutathione
peroxidase, catalase, superoxide dismutase) and free radical non-glutathione systems such as
the thioredoxin and peroxyredoxin systems among others. ROS fluctuates with the circadian
regulated food intake and oxidative metabolism. Hence, it follows that having circadian-
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regulated ROS scavenging systems would provide survival advantage. p-cells have very low
threshold for oxidative stress due to a low expression of antioxidant genes. As compared to
other metabolically active tissues, such as the liver, the islets have only 15-38% of the ROS
scavenging ability [84—87]. This puts them at risk, to the damage caused by excessive ROS,
which in addition is a strong inducer of Ucp2. Indeed this has been hypothesized to be one
of the important underlying causes of -cell failure in many forms of T2D [71]. Regulation
of oxidative stress by the circadian clock and Bmall has been proposed in the context of the
premature aging phenotype in global Bmall~~ [62, 88, 89].

Many of the key ROS scavenging enzyme systems and the rate limiting steps are
transcriptionally regulated by Nfe2I2, a leucine zipper transcription factor also commonly
referred to as Nrf2, by binding to the Antioxidant Response Elements (ARE) in their
promoter regions. Nrf2 is normally inactive and bound to Keapl in the cytoplasm and on
activation by oxidative stress is released to translocate to the nucleus to bind to the ARE to
activate the transcription of key antioxidant enzymes. Interestingly, Nrf2 exhibits a peak in
the late light/early dark phase in p-cells [64]. Bmall also has been shown to bind to the E-
box element in the Nrf2 promoter suggesting a direct regulation by the molecular clock.
Indeed, the circadian expression of Nrf2 is lost in Bmal1~/~ p-cells [64] (Fig. 5). Similar
circadian regulation of Nrf2 and the antioxidant system has been demonstrated in the
neuronal system [90]. In addition, Bmal1l also directly regulates peroxyredoxin regeneration-
related genes, sestrin2 and Prdx3 in p-cells. Interestingly, a recent study demonstrated that
Prdx3 is important in preventing oxidative stress-induced apoptosis in -cells [91].
Furthermore, we demonstrate that sestrin2 is a direct target of Bmall in regulating
antioxidant defenses in the -cell, while a recent report identified a direct regulation of
sestrin2 by Nrf2 via ARE [92]. Bmall and circadian clock have been postulated to regulate
oxidative stress in other tissues, including kidney, heart and spleen [62, 88] and recent
studies have shown that there is significant increase in ROS in Bmal1~~ mice that can, in
part, be rescued by antioxidant n-acetyl cystine (NAC) [88]. In keeping with this, NAC also
rescues the impaired GSIS in Bmal1~/~ islets confirming the primacy of dysregulated
antioxidant system in circadian disrupted p-cells [64].

UPR (Unfolded Protein Response) is necessary for the p-cell to adapt to ER

stress

f-cells up regulate proinsulin expression, on exposure to high glucose and post-absorptive
state, putting enormous load, up to a million proinsulin molecules per minute, on the ER
[82]. Any increase in un-folded proteins triggers the UPR pathway to resolve ER stress by
(a) increasing ER folding capacity via chaperone expression (b) reducing ER load by
decreasing protein translation and increasing ER associated degradation (ERAD) (c)
inducing apoptosis if the ER stress is unresolved. The UPR consists primarily of three trans-
membrane sensors, PERK, IRE1-a and ATF6 that are activated by unfolded proteins in the
ER (Fig. 6) [83]. PERK, phosphorylates elF2q, to inhibit translation. Activated IRE1la
splices and activates XBP1, a transcription factor that acts in conjunction with ATF6 to
increase expression of ER chaperones and CHOP, which by inhibiting the expression of the
anti-apoptotic gene Bcl2, induces Bax-induced apoptosis. IRE1a also activates INK
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phosphorylation to induce apoptosis. All of these play a determinant role in p-cells with
PERK deficiency leading to diabetes in mice [93, 94] and humans (Wolcott-Rallison
syndrome [95, 96]) and B-cell specific XBP1 deletion resulting in diabetes [97]. In contrast,
CHOP deletion protects B-cells from dysfunction [98]. Deficiency of ER chaperones (p58
[99], Wfs1-the gene associated with Wolfram syndrome [100-102]) increases ER stress,
resulting in p-cell death and diabetes. The Akita mouse (mutation in Ins2 with proinsulin
mis-folding) has ER stress associated -cell death and diabetes [103].

Circadian clock and ER stress

UPR is circadian regulated, in the liver, with a 12 hour cycle of activation of IRE1a, which
if disrupted leads to alterations in hepatic lipid handling [104]. Pinealectomy-induced
absence of melatonin also leads to nocturnal hepatic ER stress and insulin resistance [105].
IRE1a with its endo-ribonucleosidase activity has been shown to cause Perl mRNA decay,
disruption of the molecular clock in the context of carcinogenesis [106]. Another study
showed both acute and chronic sleep deprivation in mice led to ER stress, more in aged
mice, in whole pancreas. However, whether this regulation is operative specifically in p-
cells is unknown. Interestingly, a circadian disruption, by phase advancement, accelerated [3-
cell loss [107] in a diabetes-prone human islet amyloid polypeptide transgenic (HIP) rats
that has been shown to have ER stress. This also supports the notion that circadian
disruption may worsen unresolved ER stress leading to B-cell apoptosis. Our own
observations suggest that the UPR is regulated by the circadian clock with circadian daily
rhythms seen in many of the UPR related genes (Fig. 6). In addition, in both Bmal1-
deficient and Rev-erba-deficient mouse islets there is increased markers of ER stress,
suggesting that a functional intrinsic molecular clock is required for normal UPR and beta
cell homeostasis. (Callout #3)

B-cell stress response pathway signaling

Most metabolic stress in B-cells is accompanied by significant oxidative and ER stress [71,
82, 84, 85, 108-112].This is schematically represented in Fig. 7. Some of the downstream
effectors of these pathways that result in B-cell dysfunction and apoptosis are the SAPK/Jnk
and p38 MAPK pathways that activate other transcription factors such as AP-1 family,
ATF-2, Foxol etc. [111, 112]. Though these MAPKSs phosphorylation has been studied in
the context of B-cell stress, whether they are directly regulated by the circadian clock is
unknown.

Translational implications

There is mounting evidence that circadian regulation of cellular processes in -cells is
critical for glucose homeostasis and a disruption of this will contribute to g-cell failure and
diabetes. Circadian oscillations have been shown in human islets [113, 114] and prospective
and cross-sectional studies demonstrate a strong correlation with disturbed glucose
homeostasis with circadian misalignment. A better understanding of the time course of the
metabolic disruptions with circadian disruption is needed to see if workplace interventions
such as those to avoid rapid shifts in light/dark cycles may be of some benefit along with
possible benefit of antioxidants to prevent and mitigate circadian disruption induced
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oxidative stress. It is encouraging to see that that in healthy human volunteers subjected to
short-term circadian misalignment and sleep deprivation induced glucose intolerance, there
was a full recovery to metabolic normalcy after 9 days of recovery [58]. Whether this is
reproducible in shift-workers at large in prospective studies would be an important question
to answer.

There have been some recent studies that raise the possibility that with a better
understanding of the molecular pathways of circadian regulation, it may be possible
pharmacologically to prevent the deleterious consequences of circadian disruption. A recent
study has shown that slat inducible kinase 1 (Sik1) and CREB-regulated transcription
coactivator 1(CRTC1) have a key role in clock resetting. Sik1 phosphorylates CRTC1 and
limits its binding to CREB in the nucleus and thus delays resetting to a new light phase.
Blocking this action of Sik1 led to a rapid re-entrainment after experimental jet lag [115]. In
another study, deletion of vasopressin receptors V1a and VV1b [116] in mice made them
resistant to jet lag, thus raising the possibility that modulation of these receptors may allow
pharmacological treatment to mitigate circadian disruption and its consequent deleterious
metabolic effects. Further studies of the metabolic benefits of these approaches need to be
conducted both in animal models and humans to better address the urgent need to prevent
and treat the consequences of circadian disruption.

Circadian disruption is an unavoidable consequence of modern day life style and is an
occupational consequence of shift work. As detailed above, there is strong emerging data
that these disruptions are sufficient to impair B-cell function raising the possibility that
circadian disruption could be contributing to the increasing incidence of diabetes. However,
avoiding circadian disruption is often not practical. Hence there is an urgent need for further
studies to come up with measures that prevent or mitigate the consequences of circadian
disruption.

Conclusion

Many pressing questions still remain to be explored. A more comprehensive understanding
of the pathways that regulate the metabolic, stress adaptive and survival functions of the -
cells and other cell types in the islet need to be understood. In addition, measures to prevent,
treat and reverse the adverse metabolic consequences need to be tested and instituted in
high-risk populations, based on sound understanding of underlying the molecular regulatory
pathways. Though, understanding circadian control of B-cell function is still in its infancy,
the interesting and complementary work being done in many labs offers optimism to deal
with this problem and to prevent or mitigate the consequences of circadian disruption.
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Callouts

1. Circadian disruption, whether environmental or genetic, leads to impaired
mitochondrial function in -cells and blunted glucose stimulated insulin
secretion. This p-cell dysfunction leads to diabetes.

2. Cell autonomous function of Bmall and p-cell clock are required for normal p-
cell function. Disruption of Bmall selectively in -cells is sufficient to cause
diabetes.

3. Bmall and B-cell clock are required for adaptation to B-cell stress. They are
required for normal anti-oxidant response and unfolded protein response (UPR).
Disruption of this circadian control leads to oxidative stress, ER stress and
impaired f-cell function.
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Table 1

Genetic core clock gene disruptions with impairment of glucose homeostasis
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Gene Disrupted M etabolic Phenotype Ref

Bmall (Global) Impaired gluconeogenesis, adipocyte differentiation, hyperlipidemia, glucose [34,42,60,117]
intolerance

Bmall (Liver specific) Fasting hypoglycemia, Impaired gluconeogenesis [42]

Bmall (Pancreas using Pdx-1 Cre) Hyperglycemia, hypoinsulinemia, glucose intolerance [32-34]

Bmall (B-cell specific using rip-Cre) | Hyperglycemia, hypoinsulinemia, glucose intolerance [64]

Clock Hypertriglyceridemia, hypercholesterolemia, hyperglycemia, hyperleptinemia [33,118]

Perl&2 Glucose intolerance, altered lipid metabolism [42,119,120]

Cryl&2 Glucose intolerance [121]

Diabetes Obes Metab. Author manuscript; available in PMC 2016 September 01.



