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Abstract

Background: Insulin and growth hormone (GH) - 2 vital met-
abolicregulatory hormones - regulate glucose, lipid, and en-
ergy metabolism. These 2 hormones determine substrate
and energy metabolism under different living conditions.
Shift of day and night affects the clock system and metabo-
lism probably through altered insulin and GH secretion.
Methods: Five-week-old male mice were randomly assigned
to a rotating light (RL) group (3-day normal light/dark cycle
followed by 4-day reversed light/dark cycle per week) and
normal light (NL) group. Body weight and food intake were
recorded every week. Series of blood samples were collected
for pulsatile GH analysis, glucose tolerance test, and insulin
tolerance test at 9, 10, and 11 weeks from the start of inter-
vention, respectively. Indirect calorimetric measurement
was performed, and body composition was tested at 12
weeks. Expressions of energy and substrate metabolism-re-
lated genes were evaluated in pituitary and liver tissues at

the end of 12-week intervention. Results: The RL group had
an increased number of GH pulsatile bursts and reduced GH
mass/burst. RL also disturbed the GH secretion regularity
and mode. It suppressed insulin secretion, which led to a dis-
turbed insulin/GH balance. It was accompanied by the re-
duced metabolic flexibility and modified gene expression
involved in energy balance and substrate metabolism. Indi-
rect calorimeter recording revealed that RL decreased the
respiratory exchange ratio (RER) and oxygen consumption at
the dark phase, which resulted in an increase in fat mass and
free fatty acid levels in circulation. Conclusion: RL disturbed
pulsatile GH secretion and decreased insulin secretion in
male mice with significant impairment in energy, substrate
metabolism, and body composition.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Insulin and GH, 2 vital metabolic hormones, are in-
volved in regulating glucose, lipid, and energy metabo-
lism [1]. GH and insulin produce the opposite influence
on substrate metabolism. Insulin reduces the blood glu-
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cose level and promotes the lipogenesis in tissues, where-
as GH increases the circulating glucose level and pro-
motes the lipolysis. As such, a concept of insulin/GH bal-
ance has been proposed to reflect substrate and energy
metabolism states under diverse physiological and patho-
physiological conditions [1]. Insulin/GH balance was
proposed to determine the fat accumulation and energy
expenditure and may predict the progress of obesity and
diabetes [1, 2]. Our previous research provided strong
supporting evidence [3, 4], although the detailed mecha-
nism has not been totally illustrated.

Disturbed light/dark cycle always contributes to weight
gain, increased hepatic lipid storage, imbalanced secre-
tion of metabolic hormones, and inflammation [5-8].
Metabolic consequence is always accompanied by the ex-
pression changes of clock genes [9, 10]. Specifically, clock
gene mutations and disturbed light/dark cycles are asso-
ciated with insulin resistance and increased morbidity
and mortality [11]. Central and peripheral clock genes
and clock-controlled genes, such as PPARa and PGCla,
are also involved in the regulation of metabolic rhythms
[12]. Several metabolic regulatory hormones including
growth hormone (GH) are secreted with a circadian
rhythm. Animal experiments of disturbed light/dark cy-
cle showed different outcomes of GH levels. Constant
light or dark decreased the GH secretion [7] and dis-
turbed the pulsatile GH secretion mode [13]. One other
study showed that the disturbed light/dark cycle had no
effect on random GH secretion [14]. There was no related
research to identify the effect of rotating light (RL) on
pulsatile secretion of GH. However, an altered light/dark
cycle resulted in an increase in random insulin levels [15]
or no difference of fasting insulin levels [16]. Different
results may be caused by different ages of mice and dif-
ferent intervention periods. There was however a strong
interaction between the clock system and the hypotha-
lamic-pituitary-adrenal axis [17, 18]. GH had similar a
pulsatile secretion pattern like glucocorticoids, and there
was evidence supporting the link between light and GH
secretion [19, 20]. The GH-IGF-1 axis could be poten-
tially changed by light shifting to affect the peripheral
clock system and body metabolism.

In terms of energy metabolism, mice in normal light
(NL)-cycle condition have higher respiratory quotient,
activity, and energy expenditure during the dark phase
than those during the light phase [6]. There is a significant
circadian rhythm of food intake under NL cycle condi-
tion, whereas there was no obvious difference between
the light phase and dark phase under RL conditions [6].
Evidence showed that mice fed with a high-fat diet only
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during the 12-h light phase gained more weight than mice
fed only during the 12-h dark phase [21]. Light-phase
feeding caused a decrease in body temperature during the
dark phase, which could lead to the increase in fat mass
and weight gain [21]. The change of the respiratory ex-
change ratio (RER) during an overnight fasting was con-
sidered to indicate metabolic flexibility between using
glucose or fatty acids to produce energy, an important
aspect of body energy metabolism. Insulin resistance was
a crucial factor to influence metabolic flexibility in obe-
sity [22, 23]. GH and insulin had a significant effect on
metabolic flexibility and energy metabolism [1, 24]. How-
ever, there was not any sufficient evidence to establish the
link between the disturbed light/dark cycle and GH pro-
files on energy metabolism.

This study aimed to identify the influence of RL on 2
important metabolic hormones (insulin and GH) and
substrate and energy metabolism in mice. Results indi-
cated that RL changed the secretion profiles of GH and
affected substrate and energy metabolism.

Materials and Methods

Animals

Male mice on a C57BL6/L background were attained from an
animal facility in the University of Queensland. All mice were fed
under a 12-h light/dark cycle with a room temperature of 21 + 2°C
and a humidity of 34 + 4% for 1 week to adapt to the environment
at the animal facility of the Institute for Bioengineering and Nano-
technology, University of Queensland. All the mice had free access
to water.

Experimental Design

To identify the effect of a disturbed light/dark cycle on metab-
olism in mice, 5-week-old male mice (N = 20) were randomly as-
signed to 2 groups (10:10) as follows: RL and NL. The NL group
was defined as a normal 12:12-h light/dark cycle, with light on at
8 a.m. (ZT0) and light off at 8 p.m. (ZT12). The RL group was de-
fined as a 3-day normal light/dark cycle followed by a 4-day re-
versed light/dark cycle with light on at 8 p.m. (ZT12) and light off
at8 a.m. (ZT0). This RL condition lasted for the entire experiment
until the final week. All experiment procedures were performed
during the normal light/dark cycle in the RL group.

Body weight and food intake were recorded weekly. Blood col-
lection for ITT, GTT, and GH measurements was performed at 7,
7, and 8 weeks after the intervention, respectively. Indirect calori-
metric recording was performed at 9 weeks after the intervention.
At the end of the 10-week period, mice were sacrificed by injecting
sodium pentobarbital (32.5 mg/mL) under light condition. Termi-
nal blood was collected from the heart, and tissues were frozen at
—80°C for gene expression measurement.

Indirect Calorimetric Recording
All mice were fed in the chambers of a TSE Phenomaster (TSE
systems, Germany) for 1 week. All mice had a habituation period
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Fig. 1. RL did not affect weight change, food intake, leptin, and glucagon levels but ghrelin levels. Weight change
(a) and food intake at the end of the experiment in both groups (b). Circulating ghrelin level (c), leptin level (d),
and glucagon level at the end of the experiment in both groups (e). Data are presented as mean + SEM, n = 8 each
group. *p < 0.05; ns, nonsignificance; RL, rotating light; NL, normal light.

for 1 week to individual housing before starting measurements.
Body weight, food intake, RER, oxygen consumption, and activity
were recorded hourly. To identify the metabolic flexibility, all
mice were fasted for 12 h in the Phenomaster to record data. Body
mass and lean mass were calculated by an NMR machine (Bruker,
USA).

ITT and GTT

Mice were fasted for 3 h and 16 h before the insulin tolerance
test (ITT) and glucose tolerance test (GTT). Insulin (0.3 U/kg, Sig-
ma) was injected intraperitoneally for the ITT, and glucose (2 g/
mg) was infused by oral gavage for the GTT. Blood glucose was
measured by a glucose ketone meter (Nova Stat Strip Xpress Glu-
cose Hospital Meter, Nova Biomedical, UK) at several time points
(0, 15, 30, 60, 90, and 120 min for the GTT and 0, 15, 30, 45, 60,
and 90 min for the ITT).

Blood Collection for GH Measurement

All mice were trained for 4 weeks before the blood collection
for GH testing. According to an established blood collection and
analysis method for GH testing [25], 2 pL of blood was collected
from the tail tip of all mice in a 10-min interval. Then, 58 uL 0.01-
M PBS with 0.05% Tween 20 and blood were mixed. Blood collec-
tion process started at 09:30 a.m. and ended at 3:30 p.m. during the
light phase in both groups on the third day under the normal light/
dark schedule. All mixed samples were frozen at —80°C for GH
measurement [25].

Rotating Light Changes Growth Hormone
Pulsatile Secretion

Hormones Measurement

Terminal blood was collected by cardiac puncture under the
light condition at the tenth week during the normal light/dark cy-
cle, and the plasma was used for the measurement of several target
hormones (acylated ghrelin, glucagon, leptin, and feeding insulin)
by the mouse Multiplex kit (BioRad). Fasting insulin and C-pep-
tide levels were measured from the plasma collected from the tail
under the light condition during the normal light/dark cycle at the
ninth week after the removal of food for 14 h by the same Multiplex
kit (BioRad). Plasma free fatty acid (FFA) concentration was mea-
sured from the plasma of the terminal blood samples by the NEFA
C kit (Wako).

Genes Expression Levels Measurement

The total RNA was extracted by the PureLink RNA Mini Kit
(Thermo Fisher Scientific) from the pituitary gland and liver. Total
RNA was reversed to cDNA by the iScriptTM RT Supermix for quan-
titative PCR (Bio-Rad). The amplification of cDNA was performed
by running SsoAdvancedTM Universal SYBR Green Supermix (Bio-
Rad) and QuantStudio 6 Flex Real-time PCR system (Thermo Fisher
Scientific). The gene expression compared to the housekeeping gene
(beta-actin) was calculated by the 27T method. The sequences of
primer pairs are shown in online suppl. Table 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000518338.
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Statistics
Statistical analysis was performed through Graphpad prism 8. ***p < 0.001. The results were considered statistically significant
Student’s t test was performed to compare between 2 groups. Data ~ when p < 0.05. Deconvolution analysis was performed by an es-
not meeting the criteria for normal distribution were analyzed us-  tablished method [25] to identify the GH secretion profile with
ing the nonparametric Mann-Whitney test. Bonferroni’s method  data clearance. The insulin/GH ratio was calculated by Pulse XP
was used to adjust p value to accommodate multiple tests if mul-  software (version 2.002).
tiple comparisons were not independent of each other. Mean +

SEM was used to express all the results with *p < 0.05, **p < 0.01,
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Fig. 2. RL decreases insulin release and disturbed pulsatile GH secretion rhythm in WT mice. a Representative
GH secretion examples in both groups during a 6-h testing period. b-h Deconvolution analysis results showed
the changes of total GH secretion (b), pulsatile GH secretion (c), basal GH secretion (d), number of burst (e),
mass of GH secretion/burst (f), APEN of GH secretion (g), mode of GH secretion (h). i Circulating IGF-1 level.
j Fasting and feeding insulin levels. k Feeding C-peptide level. I Insulin/mean GH concentration ratio in both
groups. m Insulin/GH pulse amplitude ratio in both groups. Data are presented as mean + SEM, n = 10 each
group. *p < 0.05, **p < 0.01; ns, nonsignificance; APEN, approximate entropy; RL, rotating light; NL, normal
light; GH, growth hormone.

Fig. 3. RL decreased energy expenditure and increased fat mass in male WT mice. RER (a), oxygen consumption
(b), activity (c) and food intake were recorded at light and dark phase in both groups (d). Fat mass and lean mass
were tested in both groups (e). Data are presented as mean + SEM, n = 8 each group. *p < 0.05, **p < 0.01, ***p
< 0.001; ns, nonsignificance; RER, respiratory exchange ratio; RL, rotating light; NL, normal light.

(For figure see next page.)
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Results

Ten-Week RL Had No Effect on Weight Change and

Food Intake but Acylated Ghrelin Levels

To identify the effect of RL on metabolism and related
hormones, we measured the weight change and food in-
take of mice each week. We also tested the circulating
ghrelin, leptin, and glucagon levels at the end of experi-
ment in both groups. Results indicated that there was no
significant difference in weight change (Fig. 1a), food in-
take (Fig. 1b), leptin level (Fig. 1d), and glucagon level
(Fig. 1e) in both groups. However, RL increased the acyl-
ated ghrelin level (Fig. 1c), which could disturb the
rhythm of food intake as described in the following en-
ergy balance experiment (Fig. 3d).

RL Altered Insulin Level and GH Profile in WT Mice

As we described before, pulsatile GH secretion de-
creased significantly when facing challenges like fasting
[26]. To better identify the effect of RL, we tested the GH
profile under a fed state. Deconvolution analysis results
showed the changes of total GH secretion (Fig. 2b), pul-
satile GH secretion (Fig. 2c), basal GH secretion (Fig. 2d),
number of burst (Fig. 2e), mass/burst (Fig. 2f), approxi-
mate entropy (Fig. 2g), and mode (Fig. 2h). Although
there was no significant difference in total GH, pulsatile
GH, and basal GH secretion between 2 groups, the RL
group had an increased number of bursts and reduced
mass/burst. RL also disturbed the GH secretion regular-
ity and mode (Fig. 2g, h). Insulin-like growth factor 1
(IGF-1) was considered as a biomarker for the down-
stream pathways of the GH receptor (GHR). Circulating
IGF-1 measurement (Fig. 2i) confirmed that RL reduced
IGF-1 levels and disturbed the downstream pathway of
GH by regulating the GH secretion mode. We tested the
plasma insulin level in fasting and feeding states; while
the fasting insulin level reflected basal insulin secretion,
the feeding insulin level reflected beta-cell function in re-
sponse to glucose increase after meal. Our results showed
that RL decreased the fasting insulin level (Fig. 2j), C-
peptide level, (Fig. 2k) and tended to reduce the feeding
insulin level (Fig. 2j). As the plasma-circulating insulin/
GH ratio was associated with energy metabolism [1], the
insulin/mean GH concentration ratio (Fig. 21) and insu-
lin/GH pulse amplitude ratio (Fig. 2m) were measured
and calculated in both groups. Results showed that RL
significantly disturbed the insulin/GH ratio which may
be associated with the changes in energy expenditure and
fat accumulation.

6 Neuroendocrinology
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RL Disturbed Energy Balance and Increased Fat Mass

in Mice

To determine the effect of RL on phenotypic changes,
body composition and calorimeters were recorded in
both groups. Indirect calorimeter recording revealed that
RL decreased the RER in the dark phase, with no differ-
ence in the light phase (Fig. 3a), reflecting a dominant
consumption of fatty acids over carbohydrates in the dark
phase. RL also decreased the oxygen consumption at the
dark phase with no difference in the light phase (Fig. 3b),
which may contribute to increased fat mass (Fig. 3e). RL
also disturbed the feeding rhythm by increasing the food
intake in the light phase and decreasing it in the dark
phase (Fig. 3d). This disturbed feeding pattern may ex-
plain the changes of the RER and oxygen consumption
upon RL. There was no significant difference in activity
either at the light or dark phase between 2 groups (Fig. 3c).
To determine specific changes of energy metabolism in
the whole week upon RL, we analyzed every day’s energy
recording including RER, oxygen consumption, activity,
and food intake (online suppl. Fig. 1). Results showed that
oxygen consumption decreased significantly in the first
day and the fourth day (the day of switching light condi-
tion) (online suppl. Fig. 1a); RER and food intake de-
creased significantly in the first day (online suppl. Fig. 1b,
d) upon RL, whereas there was no significant difference
in the remaining days. There was no significant difference
of activity (online suppl. Fig. 1¢) between 2 groups which
was consistent with the results showed in Figure 3. Al-
though results revealed significant difference of food in-
take in the first day, there was no difference of total food
intake between 2 groups. All the data may indicate that
RL mainly affects the energy metabolism in the first day
of changing light.

RL Reduced Metabolic Flexibility and Increased the

Blood FFA Level

To identify the effect of RL on metabolic flexibility
upon fasting challenge, we recorded the energy metabo-
lism for 12 h during the fasting state. Results showed that
the RER did not decrease rapidly upon RL which indi-
cated a dominant consumption of carbohydrates over fat
during the transition state (Fig. 4a). This suggested that
RL disturbed the normal metabolic flexibility under a
normal light/dark cycle. At the same time, RL decreased
oxygen consumption (Fig. 4b) and tended to reduce total
activity (Fig. 4c) during the fasting period, which contrib-
uted to a weight loss upon fasting challenge. Insulin resis-
tance was usually related to the metabolic inflexibility and
parallel with defects in FFA metabolism [23]. We then
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Fig. 4. RL reduced metabolic flexibility
and increased FFA level. a-c RER (a),
oxygen consumption (b), and activity
were recorded during fasting period
(20:00 h to 08:00 h next day) in 1-h in-
tervals (c). d ITT in both groups. e FFA
levels at the end of experiment in both
groups. Data are presented as mean *
SEM, n = 5-7 each group. *p < 0.05,
*¥p < 0.01; ns, nonsignificance; RL, ro-
tating light; FFA, free fatty acid; ITT, in-
sulin tolerance test; RER, respiratory
exchange ratio; NL, normal light.
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performed the ITT and measured blood FFAs in both
groups (Fig. 4d, e). Although there was no significant dif-
ference in the ITT between the 2 groups, RL increased the
circulating level of FFAs. Early stage of RL here might be
insufficient to lead to insulin resistance yet.

RL Disturbed Expression of Genes Involved in GHR

Signaling and Substrate Metabolism in the Pituitary

Gland and Liver

To determine the effects of RL at molecular level, we
tested metabolism-related gene expression in the pitu-
itary gland and liver. GHR and IGF-1 are often regarded
as the downstream signaling targets of GH. RL clearly de-
creased the expression of gene GHR (Fig. 5a), which af-
firmed the impact of disturbed pulsatile GH secretion
mode. However, there was no significant expression dif-
ference of gene IGF-1 between 2 groups. At the same
time, expressions of GH-related genes were measured in
the pituitary gland (Fig. 5b). RL significantly reduced the
expressions of GH and GHRH receptor in pituitary,

8 Neuroendocrinology
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which also affirmed the impact of light on GH. However,
there was no obvious difference in expression of GHSR
and SSTR2 between the 2 groups. Expression changes of
clock genes (CLOCK, BMALL, PER1, CRY1, and REV-
ERBa) proved that circadian processes were at work in
response to RL (Fig. 5a). RL also reduced the expression
of genes involved in lipid oxidation (PPARa), lipogenesis
(FASN), and gluconeogenesis (G6P, PEPCK, and PGC-
la) in the liver (Fig. 6a). There was no significant expres-
sion difference on the lipogenic gene SREBF1 between the
2 groups.

RL Disturbed Glucose Metabolism

To identify the effect of RL on glucose metabolism, we
performed GTT in both groups. Interestingly, RL im-
proved glucose tolerance compared with the normal
light/dark cycle (Fig. 6a) which may be due to changed
clock gene expression [27]. However, there was an in-
creased fasting glucose level upon RL, with no difference
in the feeding glucose level (Fig. 6b).
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Discussion GH levels) was not the same extend and direction as the

Insulin-GH balance is recently considered as a signifi-
cant part involved in substrate and energy metabolism [1,
28]. GH and insulin have the opposite influence on sub-
strate metabolism. Insulin reduces the blood glucose lev-
el and promotes the lipogenesis, whereas GH increases
the circulating glucose level and promotes the lipolysis.
While many factors or interventions had been well estab-
lished to effectively alter insulin or GH levels separately,
interaction of 2 hormones has not been thoroughly inves-
tigated. Diverse light conditions like constant light or
constant dark had a significant effect on rhythm release
of GH [13, 20, 29]. Liver-specific deletion of GHR indi-
cated an important effect of GH pathways in hepatic lipid
metabolism [30]. The specific mechanism was not clari-
fied yet. In terms of the effect of diverse light conditions
on insulin levels, disturbed light condition reduced the
insulin level upon normal chow, whereas increased it
upon high-fat diet [31]. However, another research study
revealed that chroniclight cycle disruption did not change
insulin levels [16]. Our results revealed that RL disturbed
rhythm GH release model and insulin/GH balance. The
expression of GH-related genes (GH, GHRH receptor,
and GHR) in the pituitary gland and liver, and the circu-
lating IGF-1 level also confirmed this hypothesis. Our re-
sults showed that RL decreased the insulin levels which
may be due to the changes of the clock components [27].
A disturbed clock system may contribute to a disturbed
rhythm of glucose tolerance [27]. Although the change of
insulin/GH balance in this project (decreased insulin and
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most common change observed in hyperphagia and obe-
sity (increased insulin and decreased GH levels), such
change of insulin/GH balance in this experiment may still
contribute to the increased fat mass and plasma FFAs.
This could be a potential lifestyle influence on body me-
tabolism.

The circadian rhythm is determined by the activation
of the hypothalamic suprachiasmatic nucleus (SCN),
which is entrained by light [18]. For instance, there was a
strong interaction between the clock system and the hy-
pothalamic-pituitary-adrenal axis [17, 18]. The circadian
clock system is divided into the following 2 core classes:
the central clock system located in the SCN and the pe-
ripheral clock system located in peripheral organs such as
the liver [32, 33]. However, neurohumoral signals from
the SCN may regulate the activity of the hypothalamus
and affect the pulsatile secretion of pituitary hormones
including GH [33]. Hence, several hormones secreted by
the pituitary gland have a clear circadian rhythm. The
rhythmic expression of clock genes was also associated
with energy metabolism and substrate metabolism in liv-
er [34]. It is therefore assumed that there is a significant
link between rhythmic release GH and rhythmic expres-
sion of peripheral clock genes. Clinical trial performed in
hypopituitary patients confirmed that GH regulated the
expression of clock genes in muscle [35]. The gene ex-
pression change of GHR and circulating change of IGF-1
was caused by the GH secretion change in this experi-
ment. The expression changes of clock genes (Clock,
Bmall, Perl, Cryl, and Rev-erba) in the liver suggested
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that circadian processes were responding to RL. GH may
be a target of RL to further regulate the peripheral clock
system. The detailed relationship among light, pulsatile
secretion of GH, and clock system remained to be clari-
fied.

Changes in energy expenditure and fat mass are re-
lated to insulin/GH balance in diverse disease conditions
[1]. Several clinical trials reported that blocking GHR
contributed to decreased basal energy expenditure, which
confirmed the effect of GH on energy metabolism [36,
37]. Results in this experiment revealed that RL decreased
RER and oxygen consumption in the dark phase without
affecting total food intake. Disturbed feeding pattern
upon RL may cause the changes of RER and oxygen con-
sumption in the dark phase, which lead to an increase in
fat mass [38]. The mechanism however remains unclear.
Changes of the GH secretion mode and regularity upon
RL may contribute to disturbed energy metabolism. The
decreased RER in the dark phase signified more fat con-
sumption which was at least partially due to decreased
food intake in the dark phase. Although there was no sig-
nificant difference in total food intake between 2 groups,
an increased ghrelin level and disturbed food intake
rhythm could be related to disturbed body metabolism.
At the same time, oxygen consumption affected energy
expenditure more than RER change, which may lead to
increased fat mass upon RL. These changes of energy me-
tabolism only occurred in the first day of the light shift,
which indicated that long-term metabolic influence of
shift workers was caused by an accumulated damage from
the first switching day.

Fuel selection, during the fasting to feeding period, is
considered as a core part of metabolic flexibility [23].
Metabolic flexibility was evaluated and reported through
the change in the RER from fasting to feeding state [23].
In this experiment, the RER decreased slowly compared
to that in the control group upon RL, which indicated a
dominant consumption of carbohydrates over fatty acids
during the feeding to fasting transition state. This proved
that RL disturbed the metabolic flexibility compared
with that under a normal light/dark cycle. Fatty acids
were the primary energy source during this transition
state. Increased blood FFAs upon RL also proved the re-
duced metabolic flexibility. It is unclear whether the
change of FFAs is caused by decreased metabolic flexibil-
ity. It may also be caused by disturbed circadian control
of metabolism. The GH/IGF-1 axis is often involved in
fatty acid metabolism and insulin resistance [39-41]. Fat
oxidation was stimulated by GH, and circulating FFAs
were consumed as a major energy source [40]. However,
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insulin levels decreased significantly, which promoted li-
polysis. In terms of insulin resistance, the results showed
no significant difference between 2 groups, which might
be due to insufficient intervention time. Normalized data
of glucose were chosen to reflect the insulin resistance
because of lower fasting glucose in the RL group, which
might be due to less food intake prior to 3-h fasting. The
elevated glucose levels at 45 and 90 min upon RL may
suggest an altered action of counter-regulatory hor-
mones (glucagon, corticosterone, and GH). In summary,
RL may diminish metabolic flexibility through the GH/
IGF-1 axis.

GH also plays a crucial role in substrate metabolism
in the liver. Recent studies revealed that GHR, CD36,
and PPARa participated in this process [42-44], which
was in line with our results. GH promoted gluconeogen-
esis in the liver [24], partly by activating the STAT5
pathway, which increased the expression of G6P and
PEPCK [45]. Interestingly, RL increased the fasting glu-
cose level but improved glucose tolerance. Evidence
showed that the whole-body inactivation of BMALI or
CLOCK contributed to suppressed glucose rhythm and
impaired gluconeogenesis [46, 47]. This circadian mis-
alignment altered the glucose tolerance rhythm, where-
as the specific mechanism still remained unclear [47].
GH regulated the marker of lipid oxidation (PGC-1a)
[42], which suggested the relationship between GH and
hepatic lipid metabolism. There was a possibility that
the peripheral clock system was a target of GH to regu-
late the substrate and lipid metabolism in the liver [29].
PGC-1a bound to BMALI and PPAR bound to PER2 in
the liver to regulate lipid and glucose homeostasis [33].
Interactions among GH, peripheral clock system, and
metabolism were not fully clarified and required further
investigation.

Conclusions

In summary, this research revealed that the RL regu-
lated insulin and GH secretion to influence the body sub-
strate/energy metabolism.
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