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Abstract. The period circadian clock 2 (per2) gene plays 
an important role in modulating the circadian rhythm in 
the central nervous system. Its protein product, PER2, is 
mainly expressed in the suprachiasmatic nucleus (SCN) and 
limbic system, including the central nucleus of the amyg-
dala (CeA), the bed nucleus of the stria terminalis (BNST) 
and the hippocampus. PER2 rhythmic expression regulates 
hypothalamus‑pituitary‑adrenal (HPA) axis excitability 
and circadian rhythm via integration of optical signals and 
corticotropin‑releasing factor (CRF) stress‑related neurotrans-
mitters, resulting in circadian rhythmicity in target organs. 
Moreover, glucocorticoids and glucocorticoid receptors exert 
strong negative feedback to the HPA axis and certain regions 
of the limbic system, modulating rhythmic per2 expression in 
peripheral organs. To date, the mechanism of action of PER2 
in the limbic system and the HPA axis remains unclear, yet 
the per2 gene is considered valuable in clinical research for 
the study of metabolic syndromes, functional gastrointes-
tinal disorders and certain liver diseases. In this review, we 
summarize the biological effects of the per2 gene and its 
protein product, PER2, in the limbic system, its involvement 
in regulation of the HPA axis by the limbic system and the 
resulting effects on the biological rhythm of target organs, and 
its clinical significance.
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1. Introduction

The Circadian Locomotor Output Cycles Kaput (CLOCK) 
and other genes, including brain and muscle ARNT-like 
protein 1 (bmal1), period circadian clock (per)1/2/3, cryp-
tochrome (cry)1/2, nuclear receptor subfamily 1, group D, 
member 1 (NR1D1, also known as rev‑erbα), and differenti-
ated embryonic chondrocyte gene (dec)1/2, predominantly 
participate in circadian rhythm feedback and regulation of 
clock-controlled genes in a feed‑forward loop (1), accounting 
for 99% of the regulation. In humans, the CLOCK gene 
is crucial for maintaining a 24‑hour circadian rhythm in 
behavior, physiology and the endocrine system  (2,3). The 
CLOCK gene is mainly expressed in specific groups of the 
suprachiasmatic nucleus (SCN), the ventromedial hypothal-
amus, olfactory bulb, amygdala, lateral habenula, hippocampus 
and hypothalamus (4,5). The per2 gene is expressed in the 
central and peripheral nervous systems and operates as a 
pacemaker of circadian rhythm in the brain of humans and 
other mammals, regulating spontaneous activity, metabolism 
and behavior. Rhythmic per2 expression is regulated by the 
SCN, but also, via negative feedback regulation from the bed 
nucleus of the stria terminalis (BNST) and the central nucleus 
of the amygdala (CeA) in the limbic system, as well as from 
corticosterone (6‑8). Per2 is crucial for regulating visceral 
cyclic rhythmic activities through the HPA axis of the limbic 
system (6‑8). Current research has addressed the mechanism 
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of action of PER2 on target organs, the HPA axis and the 
limbic system (6‑8). However, it remains poorly understood 
whether per2 is involved in regulatory mechanisms of the 
limbic system on lower‑level brain structures. Moreover, the 
relationship between functional areas of the limbic system 
is still unclear. In this review, we summarize per2 biological 
features, what is known on its participation in limbic system 
regulation of the HPA axis, and on its effects on target organs.

2. Biological features of per2

The human per2 gene maps to chromosome 2, at 2q37.3 (gene 
ID: 8864), and is 51,529 base pairs (bp) long. The per2 mRNA 
is 6,342 bp and contains 23 exons (http://www.ncbi.nlm.nih.
gov/gene/8864); its transcription and translation give the PER2 
protein, which contains two PER-ARNT-SIM (PAS) domains 
(PAS-A and PAS-B) to mediate homo-mPER interactions and 
interactions with transcription factors (9). The per2 gene is 
a member of the Period gene family. PER2‑immunoreactive 
(ir) nuclei reaches the peak in expression at ZT13 (9 p.m.) and 
down to the lowest level of expression at ZT1 (9 a.m.) (10).

PER2 is strongly associated with the biological functions 
of the CLOCK/BMAL1 complex. BMAL1 and CLOCK are 
members of the basic helix‑loop‑helix/PAS family of tran-
scription factors (11). The regulation of circadian periodicity 
involves an induction of transcription and translation of per1, 
per2 and per3 genes by the CLOCK/BMAL1 complex; these 
genes inhibit CLOCK/BMAL1‑induced transcription, serving 
as a determinant of negative regulation (Fig. 1). However, only 
per2 can regulate rhythmic periodicity and its amplitude in 
the central and peripheral nervous systems (12,13), although 
its regulatory mechanism in the central nervous system is 
complex (14,15). Per2‑ir neurons receive neuronal projections 
from the SCN and the sympathetic nervous system and are 
regulated by the neuroendocrine system via corticosterone, 
melatonin and adrenaline (14,15). Per2 is mainly expressed in 
the oval nucleus of the BNST and central nucleus of the amyg-
dala (CeA) in the limbic system. These nuclear groups regulate 
motion and emotion and exhibit rhythmic alterations (16,17). 
Studies of the molecular mechanisms underlying PER2 
functions have shown that cyclic adenosine monophosphate, 
protein kinase A and C, and mitogen‑activated protein kinase 
are involved in the intracellular signaling pathway regulated 
by PER2 in the central and peripheral nervous systems. 
Moreover, per2 cyclical variation is directly regulated by the 
SCN and its lower‑level brain structures (Fig. 2) (18‑20).

3. Effects of PER2 and corticotropin‑releasing factor (CRF) 
on visceral circadian rhythm motion in the limbic system

Biological function of PER2 in the limbic system. Rhythmic 
expression of the PER2 protein results from rhythmic tran-
scription‑translation of the per2‑CLOCK genes. The PER2 
protein is ideal for observing rhythmic changes of the per2 
gene (21). The BNST, CeA, basolateral amygdala and hippo-
campal dentate gyrus (DG) are four regions expressing the 
PER2 protein in the rat limbic system (4,5). These regions are 
important neuroendocrine areas, involved in motion, emotion, 
behavior and mental adjustment during stress, which indicates 
that per2 in the limbic system may be involved in stress‑ and 

drug abuse‑related behavior and neuroendocrine responses, 
regulation of ingestion, learning and memory, maternal 
behavior and reproduction, and may overally target multiple 
organs (22‑24). Rhythmic changes in PER2 expression show 
reverse profiles in different brain regions. Within the BNST 
and CeA, PER2 expression is maximal during the transition 
between day and night and almost synchronized with PER2 
expression in the SCN. However, in the basolateral amygdala 
and hippocampal DG, PER2 expression changes are opposite 
to those observed in the SCN (Fig. 3). Previous studies have 
shown region‑specific periods of PER2 in different brain sites 
of the limbic system (25), which may be associated with the 
negative feedback of PER2 to the CLOCK‑BMAL1 dimer, 
which suppresess its own expression (26).

Similar patterns of PER2 rhythmic expression in the limbic 
system and SCN. PER2 alterations in the SCN are strongly 
associated with PER2 expression in the limbic system. 
Bilateral SCN lesions, or long‑term 24‑hour room illumina-
tion, can eliminate PER2 rhythmic expression in the SCN, 
resulting in a behavioral rhythm disorder (16,17). Rhythmicity 
of PER2 expression is also completely eliminated in the 
BNST, CeA, basolateral amygdala, DG and their lower‑level 
brain structures (16,17). Unilateral SCN lesions do not affect 
circadian rhythm‑related behavior, but attenuate the signifi-
cance of PER2 rhythmic expression in the ipsilateral limbic 
system (16), suggesting similar patterns of PER2 rhythmic 
expression and the presence of an important neuronal link 
between the SCN and specific limbic system areas (27).

CRF regulates PER2 in the limbic system and the hypo‑
thalamus. CRF is abundantly expressed in the hypothalamic 
paraventricular nucleus. CRF is a promoter of and is activated 
by, the HPA axis during stress. In the paraventricular nucleus, 
CRF is regulated by GABAergic neurons that are mediated by 
CRF and other neurotransmitter projections from higher level 
brain structures, including the prefrontal cortex, hippocampus, 
nucleus accumbens septi, CeA and BNST (Fig. 5) (28). There 
is a strong interaction between dopamine and CRF, and 
this interaction regulates PER2 expression and its rhythmic 
changes  (29). The CeA and BNST receive dopamine 
signals  (30) and are enriched in CRF-ir neurons  (31‑33). 
Unilateral 6‑hydroxydopamine injury of dopaminergic 
neurons in the medial forebrain bundle causes reduced PER2 
expression in the ipsilateral BNST and CeA, and also decreased 
expression of CRF neurons (34,35). Following unilateral CRF 
gene silencing in the BNST and CeA, ipsilateral PER2 expres-
sion almost disappears. However, there is no co‑expression of 
CRF and PER2 (10), indicating that the regulatory effect of 
intracerebral CRF on PER2 possibly depends on intracellular 
signal transduction pathways.

Glucocorticoids regulate rhythmic PER2 expression in the 
BNST and CeA. PER2 expression in the BNST and CeA 
is synchronized with rhythmic PER2 alterations in the 
SCN affected by glucocorticoids. Circadian corticosterone 
release is regulated by the SCN, leading to rhythmic per2 
mRNA expression in hepatocytes and fibroblasts  (36,37). 
Glucocorticoid receptors are expressed in the BNST, CeA, 
basolateral amygdala and hippocampal DG. Endogenous and 
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Figure 1. The Circadian Locomotor Output Cycles Kaput (CLOCK) gene feedback pathway. The CLOCK/BMAL1 complex activates transcription of per‑, 
cry‑, rora and rev‑erbα genes. PER and CRY proteins inhibit (-) the transcription of the CLOCK/BMAL1 complex. REV‑ERBα inhibits and RORA promotes 
(+) bmal1 transcription. Figure reproduced from references (8,12). BMAL1, brain and muscle ARNT-like protein 1; PER, period circadian clock; CRY, 
cryptochrome; REV-ERBα, nuclear receptor subfamily 1, group D, member 1; and RORa, retinoic acid-related orphan nuclear receptor a.

Figure 2. Intracellular mechanism of Circadian Locomotor Output Cycles Kaput (CLOCK) gene regulation in the suprachiasmatic nucleus (SCN). Blue 
arrows, optical signal afferent pathway to the SCN (i); and black arrows, non‑optical signal afferent pathway (ii). i) Photic input to the SCN. Intrinsically 
photosensitive retinal ganglion cells (ipRGCs) project into the SCN via the retinohypothalamic tract (RHT). Presynaptic membranes release glutamate (Glu), 
leading to kinase activation and a series of CLOCK gene expression alterations, promoting expression of immediate early genes (IEG). Glu is introduced from 
the synaptic cleft into the cells by Glu transporters locating on the astrocyte membrane; and ii) photic input. IGL, intergeniculate leaflet; DRN, dorsal raphe 
nucleus; MRN, median raphe nucleus; GHT, geniculohypothalamic tract; 5‑HT, serotonin; NPY, neuropeptide Y; GABA, γ‑aminobutyric acid; cAMP, cyclic 
adenosine monophosphate; CRE, cAMP-response element; CREB, CRE-binding protein; B/C, brain and muscle ARNT-like protein 1 (BMAL1)/CLOCK; AP, 
action potential; AVP, arginine vasopressin; GRP, gastrin‑releasing peptide; VIP, vasointestinal peptide; AC, adenylate cyclase; and PKA, protein kinase A. 
Figure reproduced from reference (19).
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exogenous glucocorticoids profoundly affects rhythmic genes 
in these regions. Moreover, glucocorticoid effects on the limbic 
system are regulated by CRF, a promoter of the HPA axis, 
and HPA axis activation affects numerous surrounding target 
organs (29,38,39). Following bilateral adrenal gland removal, 
rhythmic PER2 expression in the BNST and CeA disappears, 
while PER2 expression in the basolateral amygdala and DG is 
unaffected (16,17). Administering corticosterone in drinking 

water restores rhythmic PER2 expression in the BNST and 
CeA, while persistent subcutaneous pumping is ineffec-
tive (40), suggesting that glucocorticoid signaling is likely an 
important factor for regulating rhythmic PER2 expression in 
these brain regions.

In summary, the per2 gene presents region‑specific 
rhythmicity in the central nervous system. Target organs 
exhibit circadian rhythms through optical signal integration, 

Figure 3. Period circadian clock 2 protein expression, detected by immunocytochemical staining in the suprachiasmatic nucleus (SCN) and the limbic system 
at zeitgeber times (ZT) 1 and 13, where ZT1, day time, start of lighting; and ZT13, night time, end of lighting. BNST-OV, oval nucleus of the bed nucleus of the 
stria terminalis; CEA, central nucleus of the amygdala; BLA, basolateral amygdala (400x400 µm frame); and DG, dentate gyrus (200x400 µm frame). Figure 
reproduced from reference (26).

Figure 4. Role of the hypothalamus‑pituitary‑adrenal (HPA) axis on visceral organ regulation modulated by the suprachiasmatic nucleus (SCN). The Circadian 
Locomotor Output Cycles Kaput (CLOCK) gene and the HPA axis affect each other. The CLOCK gene is affected by light stimulation and regulates HPA axis 
excitability in the central nervous system, leading to rhythmic glucocorticoid release. In the peripheral nervous system, CLOCK is mainly expressed in the 
adrenal gland and other HPA axis‑related regions. The pituitary is regulated by the CLOCK gene in the central nervous system (via the sympathetic nervous 
system) and rhythmically regulated by glucocorticoids secreted by the adrenal gland. Glucocorticoids exert a feedback effect, likely involving other genes 
related to the biological functions of CLOCK. Black dashed lines, parasympathetic nerves; red solid lines, sympathetic nerves; blue solid lines, glucocorticoids. 
IGL, intergeniculate leaflet; DRN, dorsal raphe nucleus; MRN, median raphe nucleus; GHT, geniculohypothalamic tract; 5‑HT, serotonin; NPY, neuropep-
tide Y; GABA, γ‑aminobutyric acid; PVN, paraventricular nucleus; MPO, medial preoptic region; DMH, dorsomedial nucleus of hypothalamus; and DMV, 
dorsal motor nucleus of the vagus nerve.
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CRF and related transmitters in the stress-response system, 
and regulation of the HPA axis excitability. Glucocorticoids 
and glucocorticoid receptors play a role in the negative 
feedback-type regulation of the period circadian clock 2 
mRNA and protein and on the HPA axis in the limbic system, 
but the mechanism that the limbic system participates in 
requires further investigation.

4. The PER2-hypothalamus‑pituitary‑adrenal (HPA) axis 
interaction regulates visceral activities

Per2 gene regulation on the HPA axis. Optical signals activate 
the CLOCK gene in the SCN. The CRF/arginine‑vasopressin 
immunoreactive neuronal projection to the hypothalamic 
paraventricular nucleus causes hypothalamic CRF release and 
leads to activation of the HPA axis, inducing rhythmic release 
of glucocorticoids in the adrenal gland (41‑43) (Fig. 5). CRF 
mRNA expression in the paraventricular nucleus synchro-
nizes with per2 expression in the SCN (44). Rhythmic per2 
expression patterns are not similar in the different parts of 
the HPA axis, and specifically in the hypothalamus (except 
the SCN), and the pituitary and adrenal glands, with per2 
expression patterns being reversed between other regions 
of the hypothalamus and SCN. Similar per2 expression 
patterns are found between the pituitary gland, adrenal gland 
and SCN. Following SCN injury, the function of the HPA 
axis is attenuated, and the release of adrenocorticotropic 
hormone from the pituitary gland is reduced, but rhythmicity 
is maintained. Moreover, the rhythmicity of glucocorticoid 

release from the adrenal gland is unaffected by the central 
nervous system. Therefore, rhythmic secretion of the adre-
nocorticotropic hormone from the pituitary gland is possibly 
associated with a negative feedback effect of glucocorticoids 
in the peripheral nervous system (45).

Rhythmic glucocorticoid release, mediated by the CLOCK 
gene within the central nervous system, plays an important 
role in the regulation of circadian adaptability. The SCN 
mediates autonomic nerve excitability, altering the sensitivity 
of the adrenal cortex to the adrenocorticotropic hormone 
and rhythmically released glucocorticoids from the adrenal 
gland (41‑43,46). Previous experiments detected no significant 
difference in baseline levels of serum glucocorticoids between 
per2 gene knock‑out and wild-type mice. However, the circa-
dian rhythms were absent in per2 knock‑out mice, while the 
pituitary gland‑released adrenocorticotropic hormone lost 
its original circadian rhythm (47,48). Another study demon-
strated that in per2Brdm1/Cry1‑/‑ mice, glucocorticoid biosynthesis 
is disrupted in both adrenal glands (46), suggesting the per2 
gene controls glucocorticoid synthesis in adrenal glands, 
which may also be regulated by adrenocorticotropic hormone 
that is rhythmically released from the pituitary gland. Thus, it 
is assumed that in the central nervous system, the per2 gene 
can be regulated by both optical signals and the rhythmic 
secretion of glucocorticoids (products of the HPA axis), but 
its regulation may be either dependent or independent of the 
HPA axis. Regulation of the per2 gene within the adrenal 
gland by secretory products from other parts of the HPA axis 
(for example, adrenocorticotropic hormone released from the 

Figure 5. Role of glucocorticoids (GC) and other neurotransmitters on corticotropin‑releasing factor (CRF) and the hypothalamus‑pituitary‑adrenal (HPA) 
axis. Upon external stress stimulation, the amygdala is activated first, followed by CRF neurons overexpressed in the amygdala and leading to increased CRF 
release in the hypothalamic paraventricular nucleus. Simultaneously, norepinephrine (NE) overexpression is detected in the locus coeruleus (LC) and the bed 
nucleus of the stria terminalis. Serotonin (5‑HT) release increases in the dorsal raphe nucleus, resulting in elevated excitability of the HPA axis, increased GC 
release in surrounding tissues, and a visceral rhythmic motion disorder. The combination of GC and GC receptors in the hippocampus inhibits CRF overex-
pression in the amygdala and the hypothalamus, resulting in inhibition of the HPA axis hyperactivity. CeA, central nucleus of the amygdala; DG, dentate gyrus; 
CA, cornu Ammon; CRFR, cotricotropin‑releasing factor receptor; 5HT-R, hydroxytryptamine receptor; β1R, β1‑adrenergic receptors; GR, glucocorticoid 
receptor; MR, mineralocorticoid receptor. 
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pituitary gland), also affects the circadian rhythm of organs in 
the peripheral nervous system (Fig. 5).

Effects of the HPA axis on the per2 gene. The HPA axis 
strongly affects per2 expression within the majority of organs 
by regulating glucocorticoid release, but minimally affects 
per2 expression in the central nervous system. This is due to 
reduced glucocorticoid levels in the central nervous system and 
decreased co‑expression of PER2 and glucocorticoid receptors 
in the BNST and CeA (49). Therefore, the circadian rhythm of 
the CLOCK gene in the central nervous system is independent 
of changes in the surrounding environment. However in the 
peripheral nervous system, CLOCK gene expression exhibits 
rhythmic phase shifts during adjustment to surrounding 
changes, and is restored to normal rhythmic levels through 
regulation by glucocorticoid negative feedback in the central 
nervous system. Within organs, glucocorticoid‑mediated 
intermittent phasic resetting are associated with alterations in 
the CLOCK gene rhythmicity, induced by adjustments to stress 
within each organ (49‑51).

5. Clinical significance of the PER2-HPA axis interaction 
on regulation of visceral rhythmic movement

Visceral rhythmic movements stimulated by the environ-
mental stressors and show rhythmic motion alterations. The 
HPA axis integrates limbic system information and regulates 
target organs (Figs. 4 and 5). The PER2 effects on visceral 
activities include tissue metabolism and organ movement. The 
PER2-HPA axis interaction is important for studies of meta-
bolic syndrome, functional intestinal tract disease, hepatic 
metabolism and immune system-related diseases.

Metabolic syndrome. Previous studies examining PER2 
effects on calorie intake and metabolism have shown that 
the food intake rate is delayed and the weight is increased 
in per2 gene knock‑out mice. The weight of per2 knock‑out 
mice provided with the same food intake daily as wild‑type 
mice was similar to that of high‑fat diet‑fed mice suffering 
from an orexin secretion disorder (52,53). This disorder is 
associated with PER2 effects on glucocorticoid synthesis, 
release and metabolism. CRF participates in the negative 
feedback effect of glucocorticoids on PER2. A number of 
observations support that PER2 is involved in metabolic 
disease: i)  hypercortisolism (or Cushing's  syndrome) 
causes central obesity; ii) bilateral adrenal gland removal 
induces a reduction in food intake and weight due to the 
permanent absence of cortisol, which regulates per2 in the 
organs and provides negative feedback to the hypothalamus, 
hippocampus and other brain sites in the CNS; iii) cortisol 
plays an important role in maintaining metabolic balance, 
including regulation of food intake and insulin levels (54); 
iv) following adrenalectomy, cortisol function is disrupted, 
while upon hypophysectomy, the function of the HPA axis 
is disrupted. These disorders can lead to cortisol release, 
circadian disappearance, irregular food intake and even 
body weight gain (55); and v) Cushing's syndrome patients 
experience anxiety, one of the manifestations of acute 
or chronic stress, which can result in increased cortisol 
release, rhythmic destruction and reduced CRF levels in 

the hypothalamus and the pituitary gland. Thus, patients 
are eager to have high‑calorie and ‑fat food, with the 
associated reduction in hypothalamic CRF release, reducing 
stress‑induced anxiety‑like behavior  (56). Short‑term 
damage in the rhythmicity of cortisol release induces 
increases in postprandial blood sugar, serum insulin levels 
and mean arterial blood pressure, with significant reductions 
in the level of leptin and sleep efficiency, and even complete 
loss of control of the rhythmic movement of the organs by 
cortisol (57).

Altogether, restoring the cortisol-PER2 interaction may 
provide a novel research direction and method for the treat-
ment of Cushing's syndrome in the clinic. However, a number 
of issues need to be addressed in this direction. For example, 
it is difficult to observe the rhythmic cortisol pattern in living 
animals or humans. Thus, whether damage in the cortisol 
circadian rhythms results in obesity, or obesity causes cortisol 
circadian rhythms disturbance remains to be clarified.

Irritable bowel syndrome (IBS). Time differences cause 
resets in per2 gene expression in the intestinal tract, leading 
to intestinal dysfunctions including abdominal pain, constipa-
tion and diarrhea, which are the main causes and symptoms of 
IBS (58‑62). With regards to intestinal functional regulation 
in the peripheral nervous system, the per2 gene is mainly 
expressed in the myenteric plexus of the intestinal tract, where 
neurotransmitters promoting intestinal movement are synthe-
sized (8). The HPA axis plays an important regulatory role in 
intestinal movement. Rhythmic CRF release in the hypotha-
lamic paraventricular nucleus regulates intestinal rhythmic 
motion. The stress reaction, via CRF neuronal activation in the 
HPA axis and the limbic system, regulates autonomic nervous 
system excitability and affects intestinal movement (Figs. 4 
and 5). Thus, adrenocorticotropic hormone levels are increased 
in the HPA axis, rhythmicity decreased and the colon cortisol 
level increased (63). It is important to study the PER2-HPA 
axis interaction and its roles in IBS for the following reasons: 
i) in recent years, the rapidly developing Asian economy has 
been strongly associated with an increased incidence of IBS, 
with fast-paced work, sleep, food and drink appearing as main 
stress factors (64); ii) patients with IBS show sleep distur-
bances (65,66), which are a hallmark symptom of CLOCK 
gene abnormalities in the central nervous system (60,67,68); 
iii) a clinical randomized and placebo‑controlled trial demon-
strated that melatonin, an important regulatory peptide of 
the circadian rhythm, can reduce intestinal symptoms in IBS 
patients (69); and v) there are correlations between intestinal 
sensitivity increased induced abdominal pain and circadian 
disorder in IBS patients (70). In addition, electroacupuncture 
noticeably improves sleep quality in patients with sleep distur-
bances (71), providing therapeutic evidence for a sleep‑related 
functional disorder in other organs.

6. Perspectives

The PER2 protein and the HPA axis interact via 
glucocorticoids to regulate visceral circadian activities. 
Glucocorticoids in adjacent organs are regulated by rhythmic 
CRF alterations in the HPA axis and its response to stress. 
In the HPA axis, CRF is regulated by the limbic system, 
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including the BNST, CeA and hippocampus, and shows a 
direct or indirect connection to rhythmic alterations in PER2 
expression affecting the morphology and behavior of emotion 
and food intake. In general, the HPA axis is a mediator of the 
effects of PER2 on target organs. The limbic system integrates 
stress‑related (CRF, stress‑related neurotransmitters and 
neuropeptides) and optical signals, regulating the HPA axis 
excitability. To date, numerous clinical and fundamental 
research studies have examined the PER2-HPA axis 
interaction in the context of metabolic syndrome and IBS. 
Although the exact mechanism underlying the contributions 
of the PER2-HPA axis interaction in these disorders remains 
unclear, associations with the limbic system deserve further 
investigation. Future studies of the per2 gene need to focus 
on the following aspects: i) CRF rhythmic expression in the 
hypothalamus and pituitary, rhythmic expression of ACTH 
in the pituitary and cortisol rhythmic changes in the adrenal 
gland, are included in the HPA axis circadian rhythm. 
Previous studies have focused on the effects of SCN on the 
PER2-HPA axis interaction, including local expression and 
biological function of PER2 in the SCN, the effect of PER2 
in the regulation of the circadian rhythm in target organs, and 
the glucocorticoids negative feedback to the brain areas in 
the limbic systems (41‑44). A few studies have identified an 
interaction between the limbic system and per2 expression in 
the SCN (23,24). Conversely, the limbic system, in particular 
the hippocampus and amygdala, plays an important role 
in HPA axis priming and regulation. Therefore, the limbic 
system may be an important connection between the 
HPA axis and the cerebral cortex in the mediation of the 
PER2 effects  (27); ii)  intracellular signaling mechanisms 
underlying the hypothalamic CRF-PER2 interaction. CRF 
activates the HPA axis and is regulated by the hippocampus 
and amygdala (25). Pharmacological studies have confirmed 
that there is a correlation between the biological function 
of PER2 and CRF, and although morphological studies 
have not identified a direct correlation, it is likely to be 
mediated by intracellular signaling, although the exact 
molecular mechanism is unknown  (31‑33, 10, 35); and 
iii) studies examining the contribution of the per2 gene in 
various metabolic, neuroendocrine and neuroimmunological 
diseases (22‑24). The per2 regulatory effect on HPA axis 
circadian rhythms and its roles on the autonomic nervous 
system, emotion and behavior, in functional disorders of 
autonomic nerve‑induced diseases (including functional 
gastrointestinal disorders and heart disease), various stresses 
(including psychological, social and post‑trauma acute and 
chronic stress), cognitive function and behavioral alterations. 
A breakthrough of the central mechanism of per2 gene 
interacting with the HPA axis is in urgent need to deepen the 
understanding of per2 circadian rhythm physiopathologically 
and contribute to the treatment of per2 rhythm disturbance 
related diseases.
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