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Abstract

Disruptions in circadian rhythms have been associated with metabolic disorders such as obesity and fatty liver 
disease. This study aimed to evaluate the effects of GABA oolong tea extract (OTE) on metabolic disturbances 
induced by constant light (LL) exposure and a high-fat diet (HFD) in mice. The results showed that LL alone did 
not induce obesity but significantly reduced food intake and water consumption while increasing food conversion 
efficiency and blood glucose levels. In contrast, LL + HFD led to significant weight gain, increased white, beige, 
and brown adipose tissue weights, larger adipocyte size, and severe hepatic lipid infiltration. At the molecular 
level, LL and LL + HFD significantly reduced hepatic AMPK phosphorylation and PPARα expression, impairing fatty 
acid β-oxidation and promoting triglyceride accumulation. OTE intervention decreased hepatic triglyceride levels 
but did not alleviate obesity or metabolic dysfunction. These findings suggest that LL exacerbates HFD-induced 
metabolic disturbances, and OTE may have limited protective effects under these conditions. Further studies with 
higher OTE dosages are warranted.
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1. Introduction

Constant light (LL) exposure is a commonly used method to induce 
circadian rhythm disruption in research. This approach involves 
subjecting organisms to prolonged light stimulation (Golombek 
and Rosenstein, 2010). Studies have shown that approximately 
two-thirds of mice housed under constant light (LL) conditions de-
velop circadian rhythm disturbances, such as arrhythmias. Howev-
er, when these mice are returned to a normal light-dark cycle, they 
exhibit a strong resurgence of circadian activity rhythms. These 

findings suggest that in many organisms, including humans, the 
biological clock and its regulation of circadian organization can 
be disrupted by LL exposure. However, when external circadian 
cues are restored, the circadian rhythms of these organisms also 
recover. This demonstrates that the abnormal circadian states and 
locomotor activity induced by LL exposure are reversible (Ohta et 
al., 2006). Literature reports have examined various physiologi-
cal parameters in mice under constant light (LL) conditions. The 
results indicate that while LL exposure does not affect the total 
24-hour food intake, it alters the temporal distribution of food 
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consumption. Under a normal light-dark cycle, mice consume less 
food during the daytime and more at night. However, in an LL 
environment, food intake becomes evenly distributed between day 
and night. Despite having similar total food intake, mice exposed 
to LL exhibit increased hepatic fat accumulation. These findings 
suggest that an abnormal distribution of food intake contributes to 
increases in body weight and fat mass. Even when body weight is 
comparable to that of control mice, increases in fat mass and adi-
pocyte size can still be observed (Borck et al., 2018).

It is widely believed that sleep deprivation increases the risk of 
obesity. A study comparing serum leptin levels between mice sub-
jected to chronic jet lag and control mice found that the chronically 
jet-lagged mice exhibited significantly greater body weight and el-
evated leptin levels, indicative of leptin resistance (Kettner et al., 
2015). Given the strong association between leptin levels and obe-
sity, the study suggested that the development of leptin resistance 
is linked to circadian rhythm disruption and may serve as a marker 
of obesity induced by constant light (LL) exposure. Similar find-
ings have been observed in human studies. Research indicates that 
shift workers, who frequently experience circadian misalignment, 
are at a higher risk of developing metabolic disorders, including 
cardiometabolic diseases, metabolic syndrome, and cardiovascular 
disease. Additionally, individuals with shorter sleep durations (typ-
ically less than six hours per night) tend to exhibit irregular eating 
patterns, increased meal frequency, a preference for snacking over 
full meals, reduced vegetable intake, and a heightened craving for 
high-sodium foods. These behaviors are strongly associated with 
an increased risk of obesity, supporting the notion that circadian 
rhythm disruption enhances cravings for high-fat and high-salt 
foods, ultimately contributing to weight gain (Imaki et al., 2002).

The Tea Research and Extension Station of the Council of Ag-
riculture, Executive Yuan, Taiwan, China, has developed a novel 
processing technique for oolong tea that maximizes the retention 
of γ-aminobutyric acid (GABA). This innovation allows the fi-
nal product, known as GABA oolong tea, to be rich in functional 
GABA while maintaining the characteristic bioactive compounds 
and lingering sweetness of traditional oolong tea. The uniqueness 
of GABA oolong tea lies in its production process, where nitro-
gen gas is used to replace oxygen. Under these conditions, GABA 
transaminase loses its activity, preventing the conversion of GABA 
into succinic semialdehyde (Wang et al., 2020). As a result, GABA 
accumulates in large quantities within the tea leaves, leading to the 
formation of GABA oolong tea.

GABA is an important sleep-promoting factor in the human 
body. However, previous studies have suggested that the brain is 
protected by the blood-brain barrier (BBB), which consists of tight-
ly connected endothelial cells that provide selective permeability, 
preventing the passage of large molecules. Although GABA has a 
relatively small molecular weight, its ability to reach the brain via 
the bloodstream may be restricted by the selective permeability of 
the BBB (Roberts, 1974). Even if some GABA does cross the bar-
rier, the amount is likely to be minimal. Since GABA is difficult to 
supplement exogenously, theanine, which has a chemical structure 
similar to glutamate—an active neurotransmitter in the brain—can 
serve as a precursor for GABA synthesis. Therefore, it may be con-
sidered an ideal alternative for GABA supplementation (Kim et al., 
2009). A recent study demonstrated that GABA exerts anti-obesity 
effects in mice by activating the protein kinase A (PKA) signaling 
pathway (Jin et al., 2024). Additionally, GABA treatment has been 
shown to promote adipose tissue beiging by modulating the gut 
microbiota (Ma et al., 2023). Moreover, GABA supplementation 
has been shown to alleviate age-related sarcopenic obesity in mice 
(Jin et al., 2023). Oral administration of GABA is not necessar-
ily ineffective, as its beneficial effects on the human body may 

occur through alternative pathways. For instance, GABA may be 
absorbed in the intestine after passing through the digestive tract, 
where it can interact with GABAA receptors in the enteric nervous 
system and transmit signals to the brain (Boonstra et al., 2015). 
A study utilizing a streptozotocin (STZ)-induced rat model—a 
commonly used model for type 1 diabetes due to STZ’s selective 
toxicity to pancreatic β-cells—investigated the effects of GABA 
intervention. While GABA administration did not improve body 
weight in the diabetic rats, it significantly reduced blood glucose 
levels, achieving a hypoglycemic effect comparable to that of in-
sulin treatment. These findings suggest that GABA may serve as 
a potential alternative for improving type 2 diabetes (Sohrabipour 
et al., 2018). In our previous study, we found that GABA oolong 
tea extracts (OTEs) can prevent high-fat diet-induced obesity in 
mice by reducing leptin expression, protecting against nonalco-
holic fatty liver disease, promoting thermogenesis and lipid me-
tabolism, and inhibiting lipogenesis, suggesting its potential for 
obesity prevention (Weerawatanakorn et al., 2023). Excessive fat 
accumulation can lead to leptin resistance, which is characterized 
by elevated leptin levels (Martínez-Sánchez, 2020). OTEs could 
help to reverse this obesity-induced condition.

In recent years, the prevalence of obesity has been rising due 
to changes in life style and eating habits. One contributing factor 
is the increasing consumption of high sugar and high-fat foods. 
Additionally, modern lifestyles are characterized by irregular sleep 
patterns and prolonged nighttime activities, leading to increased 
exposure to artificial light at night, which may serve as a potential 
risk factor for obesity. Therefore, we aim to investigate whether 
the intervention of GABA-rich oolong tea can improve obesity in-
duced by constant light exposure and a high-fat diet.

2. Materials and methods

2.1. Materials

The freeze-dried GABA oolong tea powder was provided by the 
Taiwan Tea Research and Extension Station (Taiwan, China). The 
major bioactive components are shown in Figure 1a. Antibodies 
targeting anti-p-AMPK, AMPK, p-ACC, ACC, and FASN were 
purchased from Cell Signaling Technology (Cell Signaling, MA, 
USA), while the antibody against PPARα was sourced from Ab-
cam PLC (Abcam, Cambridge, UK). Antibodies against vinculin 
were acquired from Proteintech (Proteintech, IL, USA), and anti-
SREBP-1a was purchased from Santa Cruz Biotechnology (Santa 
Cruz, Texas, USA).

2.2. Animal care and study design

A total of forty 4-week-old male C57BL/6 mice were obtained 
from the National Laboratory Animal Center (Taipei, Taiwan, 
China). The mice were housed under controlled environmental 
conditions, with a temperature of 25 ± 1°C and a relative humidity 
of 50%. After a one-week acclimation period, the mice were ran-
domly assigned to five groups: ND (normal diet and normal light/
dark cycle), constant Light (LL), LL + OTE (1% supplemented 
in diet), LL + HFD (high-fat diet), and LL + HFD + OTE, with 8 
mice per group. The HFD group was fed a high-fat diet (50% calo-
ries from fat) for 14 weeks, while the LL group was subjected to 
continuous light exposure (24 hours per day) using daylight lamps. 
The experimental design is shown in Figure 1b. Weekly measure-
ments of food intake, water consumption, and body weight were 
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recorded. Blood glucose levels were assessed at week 12. Upon 
sacrifice, white, beige, and brown adipose tissues, along with the 
liver, kidneys, and spleen, were collected and weighed. All experi-
mental protocols used in this study were approved by the Institu-
tional Animal Care and Use Committee of the National Taiwan 
University (NTU-109-EL-00147, IACUC, NTU), China.

2.3. H&E staining

For histopathological analysis, the procedure was performed ac-
cording to our previous study (Koh et al., 2025). In detail, liver 
and two types of adipose tissues were subjected to H&E staining 
to visualize structural characteristics. Initially, tissue samples were 
fixed in a 10% formalin solution. After fixation, the tissues were 
dehydrated and embedded in paraffin. The paraffin-embedded 
tissues were then sectioned into 3–5 µm thick slices. The tissue 
sections underwent deparaffinization, rehydration, and were then 
stained following the H&E protocol. The histological examination 
focused on identifying the presence of empty vacuoles and evalu-

ating adipocyte sizes. The size distribution of adipocytes in the 
adipose tissue was quantified using ImageJ software.

2.4. Hepatic triglyceride content

Triglyceride levels in the liver tissues were quantified using a tri-
glyceride colorimetric assay kit (10010303, Cayman) following 
the manufacturer’s guidelines. The tissue samples were weighed, 
homogenized, and the resulting supernatants were collected for 
subsequent analysis.

2.5. Western blotting procedure

For western blot, the procedure was performed according to our 
previous study (Koh et al., 2023). Liver tissues were homogenized 
and lysed using ice-cold lysis buffer, followed by minimum of 
1-hour incubation on ice. After homogenization, the samples were 
centrifuged at 14,000 xg for 1 hour at 4 °C. The supernatants were 

Figure 1. (a) Bioactive compound content per gram of freeze-dried tea extract. (b) Schematic representation of the experimental design. The OTE sample 
and the amount of bioactive compounds in OTE are based on our previous study (Weerawatanakorn et al., 2023). The chart is reproduced from the same 
analysis.
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carefully collected and stored at −80°C until further use. Protein 
concentrations were determined using a Bio-Rad protein assay. For 
electrophoresis, 25 μg of protein samples were loaded into individ-
ual wells and transferred onto PVDF membranes (Merck Millipore 
Ltd., Tullagreen, County Cork, Ireland). After transfer, membranes 
were blocked with a blocking solution and incubated overnight 
with primary antibodies at 4 °C. To ensure proper antibody bind-
ing and remove unbound antibodies, the membranes were washed 
three times for 10 minutes with a solution containing 0.2% Tween 
20 in phosphate-buffered saline (TPBS), both before and after ap-
plying secondary antibodies. Protein bands were visualized using 
chemiluminescence (ECL, Merck Millipore Ltd.), and densitom-
etry analysis of the bands was performed using ImageJ software. 
Vinculin was used as the internal control in the western blotting.

2.6. Statistical analysis

The experimental results are presented as the mean ± standard 
deviation (mean ± SD). Statistical analysis was performed using 

one-way ANOVA followed by Duncan’s Multiple Range Test to 
assess differences between groups. A p-value < 0.05 was consid-
ered statistically significant.

3. Results

3.1. The effect of OTE on the appearance and body weight of 
C57BL/6 mice under HFD feeding and constant light conditions

After 14 weeks of ad libitum feeding, no significant differences in 
body shape were observed between the ND, LL, and LL + OTE 
groups. Similarly, there were no noticeable differences in body 
shape between the LL + HFD and LL + HFD + OTE groups, al-
though these mice appeared visibly more rounded and larger com-
pared to the aforementioned three groups (Figure 2a). In terms 
of body weight, the LL + HFD group (31.87 ± 1.76 g) and LL + 
HFD + OTE group (32.10 ± 2.05 g) had significantly higher aver-
age body weights compared to the ND group (21.47 ± 1.53 g), 

Figure 2. The effect of OTE on the appearance and body weight of C57BL/6 mice under HFD feeding and constant light conditions. (a) Representative im-
ages of mice from each group. (b) Body weight changes over 14 weeks (N = 8). Different lowercase letters indicate a significant difference among the groups, 
as determined by ANOVA followed by Duncan’s post hoc test.
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LL group (27.33 ± 1.78 g), and LL + OTE group (26.22 ± 1.02 g) 
(Figure 2b). However, no significant improvement in body weight 
was observed with OTE intervention under LL conditions.

3.2. Effect of OTE on food intake, food efficiency, and water con-
sumption in mice under constant light conditions

During the 14-week feeding period, weekly food intake was re-
corded to determine if OTE had an impact on the appetite of the 
mice. The results showed that compared to the ND group (4.43 
± 0.56 g), the LL group (3.48 ± 0.75 g) significantly reduced the 
food intake of the mice. Further reduction in food intake was ob-
served in the LL + OTE group (3.12 ± 0.26 g). The LL + HFD 
group (2.58 ± 0.26 g) and LL + HFD + OTE group (2.70 ± 0.18 
g) showed even more significant reductions in food intake (Figure 
3a). These findings, in conjunction with Figure 2a, suggest that 
LL can suppress food intake without significantly affecting body 
weight, while the addition of HFD in the LL environment further 
exacerbates the suppressive effect and significantly increases body 
weight. Regarding food efficiency, the LL group (2.12 ± 0.18) and 
LL + OTE group (2.22 ± 0.14) exhibited significantly higher food 

efficiency compared to the ND group (1.70 ± 0.23). The LL + HFD 
group (4.06 ± 0.29) and LL + HFD + OTE group (4.13 ± 0.54) had 
significantly higher food efficiency than both the LL and LL + 
OTE groups (Figure 3b). This indicates that both LL and HFD in-
crease food efficiency in mice, and the combination of both factors 
further increases food efficiency. However, regardless of whether 
HFD was applied, OTE did not change the food efficiency of the 
mice in a constant light environment.

Water consumption was ranked from highest to lowest as fol-
lows: ND (4.98 ± 0.34 g), LL + OTE (4.37 ± 0.24 g), LL (4.10 ± 
0.47 g), LL + HFD (3.72 ± 0.33 g), and LL + HFD + OTE (3.27 ± 
0.24 g), with significant differences observed between all groups 
(Figure 3c). These results indicate that LL reduces water intake, 
while LL + OTE slightly increases water consumption. The LL 
+ HFD group showed a further decrease in water intake, and this 
trend continued after OTE intervention. Since water intake is 
closely related to metabolic rate, it is suggested that LL may slow 
down metabolism, and the addition of HFD may further reduce the 
metabolic rate. Since water intake, metabolism, and blood glucose 
levels are interrelated, blood glucose levels will be further assessed 
in this experiment for additional insights.

At the 12th week, blood glucose levels were measured by tail 

Figure 3. Effect of OTE on food intake, food efficiency, and water consumption in mice under constant light conditions. (a) Food intake, (b) food efficiency 
ratio, (c) water intake and (d) fasting blood glucose level (N = 8). Different lowercase letters indicate a significant difference among the groups, as determined 
by ANOVA followed by Duncan’s post hoc test.
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vein blood collection using a glucose meter. The results showed 
that the LL group had significantly higher blood glucose levels 
(138.40 ± 6.35 mg/dL) compared to the ND group (108.80 ± 5.93 
mg/dL) and the LL + OTE group (124.00 ± 2.65 mg/dL). The LL + 
HFD group (165.80 ± 26.51 mg/dL) showed an even higher blood 
glucose level compared to the LL group, while the blood glucose 
levels of LL + HFD + OTE group (185.00 ± 12.08 mg/dL) sug-
gested that OTE showed no lowering effect under constant light.

3.3. Effect of OTE on adipose tissue weight in C57BL/6 mice 
under constant light conditions

In terms of adipose tissue weight, no significant differences were 
observed between the ND, LL, and LL + OTE groups, indicating 
that LL does not affect adipose accumulation in mice. However, 
the LL + HFD and LL + HFD + OTE groups showed significant 
increases in the weight of white adipose tissue (LL + HFD: 1.13 
± 0.40 g; LL + HFD + OTE: 1.25 ± 0.32 g), beige adipose tissue 
(LL + HFD: 0.46 ± 0.17 g; LL + HFD + OTE: 0.51 ± 0.17 g), 
and brown adipose tissue (LL + HFD: 0.08 ± 0.01 g; LL + HFD 
+ OTE: 0.10 ± 0.02 g) compared to the previous groups, with the 
weight of white adipose tissue being more than twice that of the 
ND group (Figure 4a–d). These results suggest that under LL + 
HFD conditions, OTE does not improve lipid accumulation in the 
various adipose tissues.

In the white adipose tissue of the epididymis, similar to the ND 
group, the fat cell size in the LL and LL + OTE groups mostly falls 
within the 500–1,000 µm2 (LL: 27.80 ± 6.89%; LL + OTE: 34.39 
± 6.54%) and 1,000–2,000 µm2 (LL: 41.80 ± 2.93%; LL + OTE: 

42.93 ± 6.37%) size ranges, and the overall trend is also similar to 
that of the ND group. In contrast, the LL + HFD and LL + HFD + 
OTE groups predominantly fall within the 2,000–4,000 µm2 (LL 
+ HFD: 36.58 ± 7.29%; LL + HFD + OTE: 35.54 ± 7.11%) and 
4,000–8,000 µm2 (LL + HFD: 25.12 ± 7.92%; LL + HFD + OTE: 
27.43 ± 7.29%) size ranges, showing a significant shift to the right 
compared to the ND group (Figure 5a and c, Table 1).

The trend in the inguinal beige adipose tissue is similar to the 
above. In the LL and LL + OTE groups, most of the adipocytes 
fall within the < 500 µm2 (LL: 35.69 ± 12.07%; LL + OTE: 35.76 
± 12.51%) and 500–1,000 µm2 (LL: 44.05 ± 10.54%; LL + OTE: 
44.54 ± 7.14%) size ranges, with the peak at 500–1,000 µm2. In 
contrast, the LL + HFD and LL + HFD + OTE groups primarily 
fall within the 2,000–4,000 µm2 (LL + HFD: 27.46 ± 10.14%; LL 
+ HFD + OTE: 32.07 ± 9.44%) and > 4,000 µm2 (LL + HFD: 24.34 
± 18.68%; LL + HFD + OTE: 19.38 ± 13.22%) size ranges, with 
the peak at 2,000–4,000 µm2 (Figure 5b and d, Table 2). These 
results indicate that LL + HFD significantly promotes the accumu-
lation of white adipose tissue in the epididymis and beige adipose 
tissue in the inguinal region, while the intervention with OTE fails 
to improve this effect.

3.4. The effect of OTE on the organ appearance and weight of 
c57bl/6 mice under constant light conditions

Regarding liver appearance, mice in the ND group, LL group, and 
LL + OTE group had bright red, firm livers with sharp edges. In 
contrast, the livers from the LL + HFD and LL + HFD + OTE 
groups were notably paler and yellowish compared to the ND 

Figure 4. Effect of OTE on adipose tissue weight in C57BL/6 mice under constant light conditions. (a) Representative images of three type of adipose tis-
sues. The average weights of (b) epididymal fat, (c) inguinal fat and (d) scapular fat (N = 8). Different lowercase letters indicate a significant difference among 
the groups, as determined by ANOVA followed by Duncan’s post hoc test.
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group, with visible enlargement, and the liver lobes appeared swol-
len. The surface had a greasy feel, and the edges were rounded, 
suggesting signs of fatty liver (Figure 6a), indicating that OTE did 
not prevent fatty liver formation in the LL + HFD condition. No 
significant differences in the appearance of the kidneys and spleen 
were found between the groups.

No significant differences in kidney weight were observed be-
tween the groups. However, for liver weight, the LL + HFD group 
(1.53 ± 0.11 g) and the LL + HFD + OTE group (1.60 ± 0.10 g) had 
significantly higher liver weights than the ND group (1.42 ± 0.10 
g), while the LL group (1.27 ± 0.06 g) and the LL + OTE group 
(1.19 ± 0.03 g) had significantly lower liver weights. When the 

Figure 5. Histological analysis of adipose tissues in C57BL/6 mice under HFD feeding and constant light conditions. (a) Representative images of H&E 
stained epididymal fat and (b) inguinal fat under 400x magnification. (c) Size distribution of adipocytes in epididymal fat and (d) inguinal fat. At least four 
independent replications were conducted.

Table 1.  The adipocyte size distribution in epididymal adipose tissue

ND LL LL+OTE LL+HFD LL+HFD+OTE

<2,500 µm2 92.91 ± 2.71a 89.15 ± 10.77a 96.65 ± 3.36a 42.85 ± 8.78b 40.34 ± 7.16b

2,500–5,000 µm2 5.98 ± 1.95b 10.20 ± 10.23b 3.27 ± 3.36b 39.06 ± 5.08a 37.16 ± 5.84a

5,000–10,000 µm2 0.91 ± 0.72b 0.51 ± 0.70b 0.08 ± 0.18b 15.98 ± 6.51a 18.78 ± 4.14a

>10,000 µm2 0.21 ± 0.41b 0.14 ± 0.19b 0.00 ± 0.00b 2.12 ± 2.68a 3.72 ± 1.62a

Different lowercase letters indicate a significant difference among the groups, as determined by ANOVA followed by Duncan’s post hoc test. At least four independent replications 
were conducted.

Table 2.  The adipocyte size distribution in inguinal adipose tissue.

ND LL LL+OTE LL+HFD LL+HFD+OTE

<1,000 µm2 61.02 ± 10.99a 79.73 ± 15.55a 80.29 ± 9.33a 18.80 ± 14.51b 27.62 ± 13.07b

1,000–2,000 µm2 32.58 ± 7.49a 15.94 ± 9.25c 18.58 ± 8.98c 29.29 ± 8.20ab 20.93 ± 7.72bc

2,000–4,000 µm2 5.95 ± 4.96b 4.19 ± 7.87b 1.13 ± 1.28b 27.46 ± 10.14a 32.07 ± 9.44a

>4,000 µm2 0.35 ± 0.61b 0.13 ± 0.30b 0.00 ± 0.00b 24.34 ± 18.68a 19.38 ± 13.22a

Different lowercase letters indicate a significant difference among the groups, as determined by ANOVA followed by Duncan’s post hoc test. At least four independent replications 
were conducted.
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Figure 6. The effect of OTE on the organ appearance and weight of c57bl/6 mice under constant light conditions. (a) The representative images of liver, kidney 
and spleen of each group. The average weight of (b) livers, (c) kidneys and (d) spleens (N = 8). (e) Representative images of H&E-stained liver sections. (f) The 
hepatic TG levels. Different lowercase letters indicate a significant difference among the groups, as determined by ANOVA followed by Duncan’s post hoc test.
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Figure 7. Impact of LL and OTE on liver fatty acid synthesis-related protein expression. (a) The representative images of western blots and the protein 
expression quantifications of (b) p-AMPK/AMPK, (c) SREBP-1c, (d) p-ACC/ACC, (e) FASN, and (f) PPARα. Different lowercase letters indicate a significant dif-
ference among the groups, as determined by ANOVA followed by Duncan’s post hoc test. At least three independent replications were conducted.

liver weight was normalized to body weight, no significant differ-
ences in liver-to-body weight ratio were found across the groups. 
Regarding spleen weight, the LL + OTE group (0.053 ± 0.004 g) 
had a significantly lower spleen weight than the ND group (0.064 
± 0.009 g), while the LL + HFD group (0.078 ± 0.005 g) had a 
significantly higher spleen weight than the ND group (Figure 6d). 
However, OTE supplementation showed no positive effect on or-
gan weight change caused by LL and HFD.

Upon examining the liver tissue under 100x magnification, it 
was observed that the liver sections of the LL + HFD and LL + 
HFD + OTE groups contained a greater number of fat vacuoles, 
which appeared white under the microscope, indicating more se-
vere fatty infiltration. In contrast, the liver sections of the ND, LL, 
and LL + OTE groups had fewer fat vacuoles (Figure 6e), suggest-
ing that LL and LL + OTE did not induce fatty liver formation. 
Further analysis using a TG kit revealed that the liver triglyceride 
(TG) content in the LL + HFD + OTE group (35.69 ± 8.19 mg/g) 
was significantly lower than that of the LL + HFD group (43.91 ± 
3.10 mg/g), but still significantly higher than the ND (11.86 ± 0.35 
mg/g), LL (12.10 ± 0.98 mg/g), and LL + OTE (10.97 ± 0.18 mg/g) 
groups (Figure 6f).

3.5. Impact of LL and OTE on liver fatty acid synthesis-related 
protein expression

To further investigate the potential fatty liver concerns raised by 
the pale-yellow liver appearance in the LL + HFD and LL + HFD + 
OTE groups, we examined the expression levels of liver fatty acid 
synthesis-related proteins. The results for protein expression re-

lated to liver fatty acid synthesis showed that the p-AMPK/AMPK 
ratio in the LL, LL + HFD, and LL + HFD + OTE groups was 
approximately 0.65 times that of the ND group, with a statistically 
significant difference. In contrast, the LL + OTE group was closer 
to the ND group and showed a 1.39-fold increase compared to the 
LL group (Figure 7a, b), although the difference was not statisti-
cally significant due to individual variability. These results sug-
gest that LL, LL + HFD, and LL + HFD + OTE all inhibit AMPK 
phosphorylation, but the intervention with OTE in the LL group 
can reduce AMPK phosphorylation, whereas in the LL + HFD 
group, OTE does not have an inhibitory effect. For downstream 
proteins, no statistically significant differences were observed in 
the expression of SREBP-1c due to large within-group variability, 
although there was a trend of increased expression in the LL group 
compared to the ND group, while the other groups showed a slight 
decrease (Figure 7c). Further analysis of downstream proteins re-
vealed that the p-ACC/ACC ratio in the LL group was only half 
of that in the ND group, with a statistically significant difference. 
Intervention with OTE led to a certain degree of increase in the p-
ACC/ACC ratio. However, no statistically significant differences 
were found between the LL + HFD and LL + HFD + OTE groups, 
due to substantial within-group variability (Figure 7d). Similarly, 
the expression of FASN protein also showed no significant differ-
ences due to large within-group variability, but there was a trend of 
decreased expression in the groups treated with OTE (Figure 7e). 
In summary, while LL inhibits AMPK phosphorylation, it does not 
appear to significantly alter the expression of downstream proteins 
such as SREBP-1c, ACC, and FASN. Therefore, LL alone does 
not induce noticeable changes in liver fatty acid metabolism or 
metabolic syndrome symptoms. Besides, it is observed significant 
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changes in the expression of PPARα. Both the LL and LL + OTE 
groups showed a significant decrease in PPARα expression com-
pared to the ND group. Furthermore, the LL + HFD and LL + HFD 
+ OTE groups exhibited even lower levels of PPARα expression, 
which was approximately half of the expression observed in the 
ND group. Notably, regardless of whether the mice were exposed 
to LL or LL + HFD conditions, the intervention with OTE did not 
result in significant improvements (Figure 7f). These findings sug-
gest that LL + HFD may inhibit the overall metabolic activity of 
the liver, leading to the suppression of PPARα expression. The lack 
of a significant effect from OTE intervention further supports the 
idea that LL + HFD may primarily impair liver metabolism, with-
out a substantial recovery from the OTE intervention.

4. Discussion

The purpose of this experiment was to investigate the effects of 
Oolong Tea Extract (OTE) on the metabolic and adiposity chang-
es in C57BL/6 mice under high-fat diet (HFD) and constant light 
(LL) conditions. The study aimed to evaluate the potential of 
OTE in modulating body weight, adipose tissue distribution, and 
liver fat accumulation under these conditions. The results showed 
that OTE did not significantly alter body weight or fat mass in 
mice under HFD and LL conditions, although it did slightly re-
duce liver triglyceride (TG) content. Histological analysis re-
vealed significant changes in adipocyte size in both epididymal 
and inguinal fat under the experimental conditions. Furthermore, 
OTE intervention did not notably improve the observed adiposity 
or liver fat infiltration in the HFD + LL group, suggesting that 
while OTE may exert some effect on lipid metabolism, its impact 
on obesity-related parameters under these specific experimental 
conditions was limited. These findings will be further explored 
to understand the underlying mechanisms and the role of bioac-
tive compounds in modulating metabolic dysfunctions associated 
with obesity.

Previous studies have shown that constant light (LL) does not 
lead to weight gain in mice, but feeding a high-fat diet (HFD) re-
sults in significant weight gain (Wei et al., 2020). Moreover, the 
weight of mice exposed to LL + HFD is heavier than those fed 
HFD alone, which is consistent with our findings. Other studies 
have indicated that in a constant light environment, light inten-
sity is a factor determining whether mice become obese (Fan 
et al., 2022). A weaker constant light environment is not suf-
ficient to induce obesity in mice, but regardless of light inten-
sity, the combination of LL and HFD can significantly increase 
body weight and induce noticeable obesity symptoms. Since our 
experimental environment used standard incandescent light-
ing with insufficient light intensity, and mice tend to bury their 
heads in bedding to avoid light during rest, we speculate that LL 
in our study was not intense enough to cause sleep deprivation in 
mice, thus potentially weakening its effect on obesity and insuf-
ficient to impact body weight. However, the combined influence 
of LL and HFD increased body weight in the mice. Additionally, 
no effects of OTE on mouse appearance or body weight were 
observed, regardless of whether the mice were treated with LL 
or LL + HFD.

Previous studies have suggested that mice exhibit variable re-
sponses to LL, with some showing suppressed behavior rhythms 
and others experiencing extended activity cycles. In general, food 
intake in LL mice tends to be lower than in ND mice, but this does 
not affect body weight. This finding aligns with our experimental 
results, suggesting that LL may slow down metabolism and reduce 

energy expenditure, thus decreasing the demand for food. The re-
duced food intake may enhance food absorption and increase food 
efficiency (Schilperoort et al., 2020)

Past studies have shown that ClockΔ19 mutant mice (a circa-
dian rhythm mutant mouse) exhibit significantly larger adipose 
tissue mass and size compared to standard mice. It has been 
suggested that fat breakdown also follows a circadian rhythm, 
and the loss of this rhythm leads to a reduced rate of fat break-
down. Since LL (constant light) also suppresses the expression 
of circadian rhythm genes, it is hypothesized that while LL can 
alter the endogenous rhythm in mice, the effect is not as dras-
tic as in ClockΔ19 mutant mice, where the circadian rhythm is 
entirely disrupted. However, when HFD (high-fat diet) is intro-
duced under LL conditions, it exacerbates the disruption of the 
fat breakdown rhythm. This results in severe interference with 
the expression of fat breakdown-related proteins, disrupting the 
mice’s homeostasis and leading to rapid lipid accumulation in 
adipose tissue, which causes an increase in both adipose tissue 
weight and size (Shostak et al., 2013).

Previous studies have shown that LL can significantly increase 
the size of epididymal white adipose tissue (Hong et al., 2020), but 
these experiments did not specify the light intensity. In this study, 
no significant increase in white adipose tissue size was observed, 
suggesting that the light intensity may have been insufficient, and 
therefore, the mice under LL conditions did not successfully de-
velop obesity. However, some studies have reported that LL can 
significantly induce obesity in mice (Coomans et al., 2013), while 
others have found that LL does not induce obesity in mice (Wei et 
al., 2020). These studies did not explore the effect of light intensity 
on mice, so the potential differences in the degree of obesity in 
mice under LL conditions with varying light intensities remain to 
be further investigated.

Since the liver and spleen weights of the LL + HFD + OTE 
group were higher than those of the LL + HFD group, it was hy-
pothesized that OTE might have a protective effect against fatty 
liver under HFD feeding conditions (Figure 6). However, under LL 
+ HFD conditions, the intervention of OTE might have an adverse 
effect, leading to liver inflammation, which in turn could cause 
an increase in spleen weight. This experiment did not include a 
concentration gradient of OTE, so it is unclear whether the con-
centration of OTE used under LL conditions was too high or too 
low. Previous studies have pointed out that LL can increase liver 
inflammation scores and slightly increase NAFLD activity scores 
(NAFLD activity score), but it does not significantly increase the 
steatosis score (fatty degeneration) (Wei et al., 2020). Based on the 
results of this experiment, it is speculated that the impact of LL on 
liver fat is primarily related to inflammatory responses, without 
causing a significant increase in fat content.

Our results shows that LL and LL + OTE do not cause signifi-
cant changes in liver TG levels, but LL + HFD increases the liver 
TG concentration. In this context, OTE intervention can slightly 
reduce the accumulation of TG, but it still does not fully resolve 
the fatty infiltration or fatty liver symptoms. Previous studies have 
also shown that LL does not induce fatty infiltration in the liver, 
while HFD significantly increases fat vacuoles. In the LL + HFD 
group, liver fat degeneration and inflammatory infiltration further 
worsen, which is consistent with the findings of this study (Wei et 
al., 2020). Earlier research has suggested that LL disrupts the func-
tion of the SCN (suprachiasmatic nucleus), leading to hormonal 
imbalances that affect liver circadian rhythms (Rumanova et al., 
2020). It is hypothesized that the liver rhythm disturbance caused 
by LL in this study is relatively mild, likely only inducing slight 
inflammatory responses. Furthermore, the liver possesses intrinsic 
metabolic regulatory mechanisms to cope with external influences, 
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which may prevent LL alone from causing fatty liver. However, in 
the LL + HFD model, the HFD causes liver fat infiltration, leading 
to fatty liver. Since LL can slightly enhance liver inflammation 
indicators, as noted in previous studies (Wei et al., 2020), it could 
accelerate the fatty infiltration process, resulting in a significant 
increase in liver TG levels and larger fat vacuoles.

In previous studies, it has been suggested that the TG observed 
in the liver of HFD mice may result from re-esterification of di-
etary fats rather than de novo lipogenesis (Duarte et al., 2014). 
Based on the results from the LL + HFD group, it is hypothesized 
that LL may promote the absorption of fats in the intestine, where 
they bind to proteins and enter the bloodstream as chylomicrons, 
which are then taken up by the liver and fat tissues. This effect is 
more prominent in the HFD group, where higher fat content leads 
to an increased absorption of lipids into the liver under the influ-
ence of LL. Since this process does not involve the lipid biosynthe-
sis pathway, proteins related to lipid biosynthesis were not signifi-
cantly affected. Previous literature has shown that when C57BL/6 
mice are placed in a constant dark environment and fasted, the ex-
pression of SREBP-1 protein and RNA is significantly suppressed, 
suggesting that the expression of SREBP-1 is related to feeding 
time. When the natural circadian rhythm is disrupted, feeding time 
can take over as the primary regulator of liver rhythm (Matsumoto 
et al., 2010). This leads to the hypothesis that LL may cause sleep 
deprivation in mice, disrupting their circadian rhythms and mak-
ing them rely on feeding time instead of their endogenous circa-
dian rhythm for regulating liver metabolism. However, since no 
fasting protocol was implemented in this study before sacrificing 
the mice, the feeding times were not synchronized, which likely 
resulted in larger intra-group variations in the expression levels of 
downstream proteins.

Previous studies have shown that LL significantly suppresses 
the mRNA expression of PPARα in C57BL/6J mice, thereby in-
hibiting β-oxidation (Yamamuro et al., 2020). Similarly, HFD 
has also been found to suppress PPARα expression, which in 
turn inhibits hepatic β-oxidation (Lee et al., 2017). These find-
ings align with the results of the current experiment, where both 
LL and HFD suppress PPARα expression. Since PPARα is in-
volved in mitochondrial β-oxidation of fatty acids, a reduction 
in its expression leads to decreased fatty acid oxidation. CPT-1, 
a key protein involved in fatty acid metabolism, facilitates the 
transport of fatty acids across the mitochondrial inner membrane 
into the matrix for further oxidation (Serviddio et al., 2011). 
Therefore, when LL and HFD are combined, the suppression 
of PPARα expression likely exacerbates the impairment of fatty 
acid β-oxidation, resulting in the accumulation of fatty acids in 
the liver and a significant increase in TG content.

One the other hand, due to the high caffeine level in our 
sample, the effect of caffeine in our study is discussed. There is 
evidence suggesting that when an organism is subjected to sleep 
deprivation, adenosine levels significantly increase (Blanco-Cen-
turion et al., 2006), and the A1 adenosine receptor expression also 
rises (Basheer et al., 2007). The main ingredient of OTE in this 
experiment is caffeine, which acts as an adenosine antagonist. Caf-
feine can bind to adenosine receptors on the cell membrane and 
compete with adenosine for receptor binding, thereby blocking 
adenosine signaling (Wu et al., 2017). It is hypothesized that under 
normal light cycles, caffeine competes with adenosine for receptor 
binding, and when adenosine receptors are fully occupied, even 
if adenosine is released by the body, it cannot bind to additional 
receptors, thus promoting alertness. However, since LL induces 
a sleep deprivation-like effect in mice, it leads to a significant 
increase in adenosine and adenosine receptor levels. With more 
adenosine occupying the receptors, caffeine is unable to bind to the 

receptors effectively, which could prevent caffeine from exerting 
its expected effects. This hypothesis is based on indirect evidence, 
and further experimental validation is needed, such as measuring 
adenosine levels in the mice.

In summary, constant light did not successfully induce obe-
sity in the mice, but it was observed that food intake and water 
consumption were significantly reduced, while food conversion 
efficiency and blood glucose levels were significantly increased. 
The combination of constant light and high fat diet, however, led 
to a significant increase in body weight, further worsening the 
aforementioned indicators. Additionally, the combination of both 
inducers significantly increased the weight of white, beige, and 
brown adipose tissues, as well as the size of white and beige adi-
pocytes, while also causing severe hepatic fat infiltration. How-
ever, OTE intervention did not lead to any significant improve-
ment in obesity.

5. Limitations

The sample used in this experiment was a GABA oolong tea ex-
tract, a complex mixture, making it difficult to determine whether 
GABA played a primary role in the observed effects. This sample 
was produced through an anaerobic fermentation process rather 
than the direct addition of GABA, likely for economic reasons, as 
large-scale production of this tea variety would otherwise face cost 
limitations. Furthermore, the extended fermentation period may 
prolong enzymatic activity, leading to a higher caffeine content in 
the final product. Besides, our result showed that OTE exhibited 
significant effect on reducing the activation of JNK and ERK (Fig-
ure S1). A previous study suggested that the inhibition of ERK and 
JNK activation could contribute to the alleviation of hepatic stea-
tosis in rats (Cui et al., 2021). Additionally, since ERK and JNK 
activation are associated with inflammatory responses (Tang et al., 
2023), we believe that the reduced expression of p-ERK/ERK and 
p-JNK/JNK may partially explain the decrease in hepatic triglyc-
eride levels observed in our study. Therefore, future studies could 
focus on the JNK and ERK signaling pathways in obesity models. 
Lastly, to confirm the sample’s effects in this study, a higher dos-
age should be tested.
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Figure S1. Impact of LL and OTE on JNK, ERK and p38. (a) The 
representative images of western blots and the protein expression 
quantifications of (b) p-JNK/JNK, (c) p-ERK/ERK, and (d) p-p38/
p38. Different lowercase letters indicate a significant difference 
among the groups, as determined by ANOVA followed by Dun-
can’s post hoc test. At least three independent replications were 
conducted.
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