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L-theanine and Neumentix mixture improves sleep quality and 
modulates brain neurotransmitter levels in mice
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Background: L-theanine (L-THE), a natural amino acid found in green tea, has been shown to improve 
anxiety and sleep. Neumentix proprietary spearmint extract (PSE), which is commonly found in beverage 
flavoring a pharmaceutical, also has a wide range of health benefits, including cognitive performance 
improvement.
Methods: Four experiments tested the effects of L-THE and PSE on sleep: a direct sleeping test, 
pentobarbital-induced sleeping test, sub-hypnotic pentobarbital-induced sleeping test, and sodium barbital-
induced sleeping test. Presence of neurotransmitters in brain tissue was detected by liquid chromatography 
mass spectroscopy (HP LC-MS) during these studies.
Results: Pentobarbital-induced sleeping and sodium barbital-induced sleeping tests examined the 
potential effect of L-THE/PSE mixture on synergistic sleep, while neurotransmitter levels in the brain 
were determined by the high performance liquid chromatography/mass spectroscopy (HPLC/MS) method. 
L-THE and L-THE/PSE mixture showed increased sleep duration and shortened sleep latency when co-
administrated with pentobarbital or sodium barbital. The mixture also increased sleeping rate when co-
administrated with the pentobarbital at sub-hypnotic dose. Additionally, the L-THE, PSE and L-THE/PSE 
mixture significantly increased the concentrations of acetylcholine (Ach), γ-aminobutyric acid (GABA), and 
decreased the concentration of serotonin (5-HT) in the brain. 
Conclusions: These data demonstrated that L-THE/PSE mixture regulates sleep disorders via the GABA 
receptor and neurotransmitter systems.
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Introduction

In recent years, insomnia has been shown to have serious 
physical and mental health effects. Sleep deprivation 
increases risk of various chronic health conditions, including 
obesity, diabetes, heart disease and mental health issues (1). 
While 25% to 35% of the population have suffered from 
occasional sleeplessness, 9 to 15% of people worldwide 
report chronic and severe insomnia (2-4). 

In order to improve sleep quality, most insomniacs are 
known to take hypnotics, such as benzodiazepine analogues, 
zolpidem, and doxepin; however, these agents have several 
adverse effects, including drug dependency, memory loss, 
gastrointestinal issues, and daytime somnolence. Long-
term use of these drugs can also cause muscle relaxation, 
addiction, and cognitive impairment (5). Therefore, 
exploration of new plant-derived biologically-active 
alternatives for sleep improvement, which may have fewer 
adverse effects, is paramount.

L-theanine (γ-glutamylethylamide, L-THE), a non-
protein amino acid abundantly present in tea leaves, has a 
similar structure to glutamate and glutamine (6,7). L-THE 
gets absorbed through microvilli via intestinal epithelial cells 
from where, it is transported to the brain tissues as it crosses 
the blood brain barrier. A number of studies have reported 
a variety of pharmacological effects of L-THE, including 
improved cognitive function (8), neuroprotection (9),  
improved anti-oxidative activity (10) and reduced 
psychological stress (11). Additionally, several studies have 
shown that L-THE can reduce sleep disturbances (12-14). 

Neumentix [a spearmint-like extract, proprietary 
spearmint extract (PSE)] is a dietary supplement containing 
abundant rosmarinic acid and polyphenols (15). Some 
reports indicate that PSE has beneficial effects on learning 
and memory (16), anti-oxidative effects (17), anti-
inflammatory effects and attention enhancement (18).  
Rosmarinic and salvianolic acids found in PSE have also 
been shown to have anti-oxidative, anti-cancer, anti-
bacterial, anti-inflammatory, neuroprotective and various 
other biological effects (19,20); however, little research 
exists pertaining to its effect on sleep.

Previous studies have reported that L-THE and 
rosmarinic acid improve sleep behaviors (21); however, no 
studies report the effect of their mixtures on sleep. The 
present study aims to investigate the effects of L-THE and 
PSE on sleep improvement, and whether their combined 
use is more effective than use of the supplement alone. 
Furthermore, while monoamines in the brain play a key 

role in the sleep-wake cycle—such as γ-aminobutyric acid 
(GABA), noradrenaline (NE), dopamine (DA), acetylcholine 
(Ach), and serotonin (5-HT)—few reports have studied 
the effect of L-THE and PSE on these monoamines in 
the brain. Thus, this study also used the high performance 
liquid chromatography/mass spectroscopy (HPLC/
MS) method to the effect of these supplements on 
neurotransmitter levels in the brain. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/apm-21-663).

Methods

Plant materials and reagents

L-THE (20%) was obtained from Novanat Co. Ltd. 
(Shanghai, China) and Neumentix PSE (rosmarinic acid 
14.5–17.5%, total phenolic 24–37%) was purchased from 
Kemin Industries Inc. (Des Moines, IA, USA). Liquid 
chromatography mass spectroscopy (LC-MS)-grade 
acetonitrile and HPLC-grade methanol were purchased 
from Merck KGgA (Darmstadt, Germany). Formic acid 
(MS-grade) was purchased from CNW Technologies 
GmbH (Germany). Sodium pentobarbital, barbital, DA, 
Ach, NE, 5-HT, and GABA were supplied by Sigma-
Aldrich (St. Louis, MO, USA). All other reagents were 
HPLC-grade and purchased from ThermoFisher Scientific 
(USA).

L-THE, PSE and L-THE/PSE mixtures  were 
resuspended in distilled water, with the exception of 
sodium pentobarbital and barbital which were dissolved in 
physiological saline. For intragastric (i.g.) administration 
and intraperitoneal (i.p.) injection, all drugs and materials 
were prepared on the day of experiment. Control animals 
received the same volume of physiological saline and in the 
same route of administration.

Animals

A total of 252 male BALB/C mice (8 weeks old, 18–20 g)  
were obtained from SPF (Beijing) Biotechnology Co. 
Ltd. All mice were caged in specific-pathogen-free (SPF) 
animal housing with a temperature of 22±2 ℃, humidity 
of 55%±5% and exposure to a 12-hour light-dark cycle. 
Mice were fed with standard food and were able to drink 
freely for at least five days prior to commencing sleep 
testing. In this study, all experimental procedure and 
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protocols were conducted in accordance with the American 
Physiological Society “Guiding principles in the Care 
and Use of Animals” and were approved by the Animal 
Ethics Committee of Animal Care Committee of the Fifth 
Medical Centre, Chinese People’s Liberation Army General 
Hospital (ID: IACUC-2018-0022).

Method for assessment of sleep improvement 

Male BALB/C mice were randomly divided into three 
groups for the pentobarbital-induced sleep test, sub-
hypnotic pentobarbital-induced sleep test, and sodium 
barbital-induced sleep test, respectively. Each test contained 
84 mice which were randomly allocated into 7 groups. In 
the mice experiments, L-THE, PSE, L-THE/PSE mixtures 
or physiological saline were administered intragastric 
(i.g.) for 30 continuous days. The assessment methods for 
measuring sleep improvement were carried out based on the 
Technical Standards for Testing & Assessment of Health 
Food guidelines formulated by the Chinese Ministry of 
Health (22).

Direct sleep test

Mice were assessed as being awake or asleep 30 minutes 
after final oral administration of the supplement. This 
assessment was measured using loss of righting reflex; if the 
mouse was placed in the supine position and did not return 
to normal posture and fell asleep within 30–60 seconds, the 
normal reflex was considered to have disappeared and the 
mouse was assessed as being asleep (23).

Pentobarbital-induced sleep test

The sub-hypnotic pentobarbital (50 or 25 mg/kg) was 
injected in each mouse 30 minutes after the last gavage to 
induce sleep. The number of mice asleep within 15 minutes 
was recorded and the total sleep time and sleep rate were 
calculated and recorded. 

Barbital sodium-induced sleep test

To verify the synergistic effect of the plant materials and 
barbital sodium, a barbital sodium sleep incubation period 
test was conducted. The barbital sodium (260 mg/kg) was 
injected in each mouse 30 minutes after the last gavage 
to induce sleep. Sleep latency (the time between barbital 
sodium injection and sleep onset) was recorded. Mice that 

failed to fall asleep within 30 minutes were excluded from 
the experiment.

Sample collection and preparation

Two days after the final pentobarbital-induced sleep test, 
the mice were sacrificed by decapitation and their brains 
were rapidly dissected on an ice pad, then frozen and stored 
at −80 ℃ until extraction.

At analysis, 100 mg frozen brain tissue samples were 
weighed and homogenized in a 5-fold volume of ice-cold 
methanol. The homogenates were centrifuged at 13,000 ×g  
for 20 minutes at 4 ℃, following which 50 μL of the 
supernatant was transferred to a centrifuge tube which 
containing 150 μL of methanol and acetonitrile (1:1, v/v), 
which underwent 5 minutes of vortexing. Subsequently, 
these samples were centrifuged at 13,000 ×g for 10 minutes 
at 4 ℃. The 100 μL of supernatants were collected and 
injected into the ultra-fast HPLC-MS system for analysis.

LC-MS instrument and conditions

The samples were analyzed using a Dionex Ultimate 
3000 RS UPLC system connected to a Q-Exactive mass 
spectrometer (ThermoFisher Scientific, Germany). A 
Dionex Ultimate 3000 UHPLC system equipped with a 
WPS-3000 TRS autosampler, a TCC-3000 RS column 
oven and a HPG-3400 RS binary pump was used for 
UHPLC analysis. Thermo Hypersil Gold C18 column 
(100 mm × 2.1 mm, 3 μm) was employed for liquid 
chromatographic separation. The mobile phase consisted of 
0.1% formic acid and 2.5 mM ammonium formate in water 
(A) and acetonitrile (B) and the following gradient was 
employed: 0–1 min, 5–10% B; 1–2.5 min, 10–95% B; 2.5–
4.8 min, 95–5% B. Flow rate was 0.3 mL/min and injection 
volume was 5 μL.

Electrospray ionization (ESI) source was operated in 
positive mode. The ESI source parameters were: spray 
voltage 3.50 kV; capillary temperature 350 ℃; sheath gas flow 
rate 40 units; auxiliary gas flow rate 10 units; sweep gas flow 
rate 0 units; S lens RF level 50 units and normalized collision 
energy 45 units. In full scan mode, the resolution was 70,000 
with the lock mass function activated. Data was acquired and 
subsequently analyzed using Thermo Xcalibur software.

Statistical analysis

Testing dates were recorded and analyzed using Excel 
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and SPSS 24.0, respectively, and the results are expressed 
as mean ± standard error of the mean (SEM). Multiple 
comparisons data were analyzed using one-way analysis of 
variance (ANOVA) followed by the Student-Newman-Keuls 
test. For the test with a subthreshold dose of PENT the χ2 
test or Fisher’s exact probability test were used to compare 
the number of mice that fell asleep. P<0.05 was considered 
statistically significant difference between groups.

Results

Direct sleep test 

The sleep status of the mice administered L-THE, PSE 
and L-THE/PSE mixture were measured. The mice were 
observed 30 minutes after last oral gavage with the standard 
for sleep being loss of righting reflex. No mice with loss of 
righting reflex were observed. This result indicates that all 
L-THE, PSE and mixtures did not induce sleep directly in 
mice (Table 1).

Effects of L-THE, PSE and mixture on sleep duration in 
the pentobarbital-induced (50 mg/kg) sleep model

The sleep duration of the mice administered L-THE, PSE 
and L-THE/PSE mixture on pentobarbital-induced sleeping 
were measured. Compared with the control group, the 
L-THE (82 mg/kg) and mixture (L-THE 82 mg/kg and PSE 
184 mg/kg) groups significantly increased sleep duration 
in the mice (P<0.05). The group of PSE (184 mg/kg)  
prolonged the sleep duration in the mice, but the effect was 
not significant and the ratio was 15.65% (Figure 1A). 

Subsequently, the dose of the PSE was kept unchanged 
and the induced changes in sleep duration at low, medium 
and high dose of L-THE (27, 82 and 245 mg/kg) in the 
mixture on pentobarbital-induced sleeping were measured. 

All three groups showed significantly prolonged sleep 
duration, but this effect reduced with increased dose of 
L-THE (Figure 1B). 

Moreover, the mixtures at low and medium doses of 
L-THE showed a significantly increased sleep duration 
(P<0.05) compared with a single administration of PSE 
only, with ratios of 32.68% and 29.48%, respectively. 
Compared with the group of L-THE only, the mixtures 
at low and medium doses showed a slight, non-significant 
increasing trend (6.83% and 4.25%). Thus, the combined 
use of L-THE/PSE showed beneficial effects on sleep 
duration time.

Effects of L-THE and PSE on the number of mice that fell 
asleep in the sub-hypnotic pentobarbital-induced  
(25 mg/kg) sleep model 

The number of mice that fell asleep within 30 minutes of 
L-THE, PSE and L-THE/PSE mixture administration 
in the sub-hypnotic pentobarbital-induced group was 
measured. Compared with the control group, the mixture 
(L-THE 27 mg/kg and PSE 184 mg/kg) group significantly 
increased the number of the mice falling asleep (P<0.05). 
Other groups (except the L-THE/PSE mixtures of 245 
and 184 mg/kg, respectively) showed a positive effect of the 
supplement on the sub-hypnotic pentobarbital-induced sleep 
of animals, but the effect was not significant. Moreover, the 
number of the mice falling asleep in the mixture groups 
decreased with the increase dose of L-THE (Table 2). 

Effects of L-THE, PSE and mixture on sleep latency in the 
sodium barbital -induced (260 mg/kg) sleep model

The sleep latency time of the mice administered L-THE, 
PSE and L-THE/PSE mixture on sodium barbital-induced 
sleeping were measured. Compared with the control and 

Table 1 Results of direct sleep test

Group Dose No. of animals No. falling asleep Proportion (%)

Control 0 14 0 0

L-THE 82 14 0 0

PSE 184 14 0 0

L-THE/PSE 27/184 14 0 0

L-THE/PSE 82/184 14 0 0

L-THE/PSE 245/184 14 0 0
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PSE groups, the mixture group (L-THE 82 mg/kg and PSE 
184 mg/kg) showed significantly decreased sleep latency. 
The group given L-THE (82 mg/kg) showed slightly 
shortened sleep latency, but the effect was not significant. 
Moreover, the combined use of a L-THE/PSE mixture also 
showed a not significant decrease in sleep latency compared 
with a single administration of L-THE (Figure 2A). 

With respect to sleep latency, sleep time showed a 
tendency decrease in all doses of mixture groups. In particular, 
the mixture (L-THE 82 mg/kg and PSE 184 mg/kg) group 
showed significantly reduced sleep latency (Figure 2B).

The mixtures at medium dose showed a significant 
decrease in sleep latency compared with a s ingle 
administration of PSE, the ratio was 26.27% (P<0.05). And 
compared with the L-THE only group, the mixtures at 
medium dose showed a slightly decreasing trend (14.51%). 
Thus, the combined use of PSE/L-THE showed beneficial 

effects on sleep latency time.

Levels of neurotransmitters in the brain

The regulation of sleep and wakefulness are widely accepted 
to be associated with the levels of the corresponding 
neurotransmitters, such as GABA, NA, Ach, 5-HT and DA 
(Figure 3).

In the present study, we used the method of HPLC-MS 
to evaluate the sleep improvement efficacies of L-THE, 
PSE and a L-THE/PSE mixture by analyzing the changes 
in concentration of neurotransmitters in the brain in animal 
models. The levels of GABA and Ach in brain tissue were 
significantly increased compared with the group of control 
(P<0.05) (Figure 3). The group of L-THE (82 mg/kg) 
showed significantly reduced brain 5-HT levels (P<0.05), 
and other groups showed decreased 5-HT concentration at 

Table 2 Results of subthreshold dose of sub-hypnotic pentobarbital test

Group Dose No. of animals No. falling asleep Proportion (%)

Control 0 14 3 21.42

L-THE 82 14 6 42.85

PSE 184 14 8 57.14

L-THE/PSE 27/184 14 9 64.28*

L-THE/PSE 82/184 14 6 42.85

L-THE/PSE 245/184 14 3 21.42

*P<0.05, significantly different as compared to the control group.

Figure 1 Pentobarbital-induced sleeping time of mice. Columns represent the mean ± SEM. Symbols indicate significant differences 
compared to control group by Bonferroni test, as **P<0.01, *P<0.05.
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a non-significant level compared with controls. The PSE 
(184 mg/kg) group showed a significant increase in brain 
DA level compared with other groups (P<0.05).

Discussion

Insufficient sleep increases the risk of various diseases 
and can lead to reduced quality of life and increased 
socioeconomic burden (24,25). Recently, many studies have 
explored the effects of natural products on sleep in an effort 
to replace traditional hypnotic drugs which can have serious 
side effects. L-THE is a known agent for treating sleep 
disorders and has also been used in various other settings to 
induce sedation and relaxation (14). The sleep improvement 
properties of PSE have also been studied previously in an 
older demographic (aged 50 to 70 years), and one of its 
ingredients, rosmarinic acid, has been shown to improve 
NREM sleep and δ-wave activity in the brain (21,26). 

It is well known that drugs with sedative-hypnotic 
properties can prolong the sleep time caused by barbiturates. 
Our tests, including the pentobarbital-induced sleeping 
time test, subthreshold dose of sodium pentobarbital test, 
and barbital sodium sleep incubation period tests showed 
that the L-THE and mixtures had significant effects of 
sleep improvement. In this study, we observed that mixtures 
in different doses not only prolonged sleep duration and 
increased the number of the mice falling asleep in the 
pentobarbital-induced sleep model, but also reduce sleep 
latency in the sodium barbital-induced sleep model. 

Pentobarbital sodium and barbital sodium are known 

GABAA receptor agonists. The activation of GABAA 
receptors shows sedative, hypnotic and anticonvulsive 
effects (27). When GABA or GABAA receptor agonists 
bind to GABAA receptors, Cl− ion channels open and these 
ions enter the cells, resulting in cell hyperpolarization, 
reduced cell excitability and promotion of sleep. Rosmarinic 
acid is one of the main components of PSE. Rosmarinic 
acid exhibits activation of the GABAA energy system by 
increasing Cl− ion influx, thereby enhancing pentobarbital-
induced sleep behavior and non-rapid eye movement 
(NREM) sleep (21). L-THE has been reported to inhibit 
caffeine-induced convulsions and increase GABA levels in 
the brains of mice (28). This indicates that the hypnotic 
effects of L-THE and mixtures may be due to interaction 
with GABAergic systems. 

Using the methods from The Chinese Ministry of 
Heath for improving sleep function adopted in this study, 
our results showed that the group of mixtures (27/184 and 
82/184 mg/kg) had a sleep-promoting effect and certain 
sedative effects, showing synergistic action of L-THE/
PSE mixture on sleep behaviors compared with control 
and mono-therapy L-THE and PSE groups. Furthermore, 
the sleep-promoting effect of the mixture group may be 
regulated by neurotransmitter systems, such as GABA, Ach 
and 5-HT.

The sleep-wake cycle is regulated by excitatory and 
inhibitory neuronal systems. Many neurotransmitters, such 
as GABA and Ach, are involved in sleep regulation (29). 
GABA is reported as a major inhibitory neurotransmitter 
in the central nervous system that not only mediates fast 
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compared to control group by Bonferroni test, as *P<0.05.
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synaptic inhibition via GABAA receptors, but also regulates 
the excitability of distinct neuronal networks via extra-
synaptic GABAA receptors (30). Therefore, the GABA 
system plays an important role in anxiety and insomnia. 
Our results showed that all model groups produced a 
significant increase in GABA concentration levels in the 
brain compared with the control group. It has also been 
reported that Ach plays a role in rapid eye movement (REM) 
sleep (31), with one study showing that increased release 
of Ach in the pontine reticular formation promoted REM 
sleep in mice (32). Meanwhile, NA often acts as a wake-

promoting neurotransmitter (33); the balance between Ach 
and NA in the brain may therefore play an important role 
in the regulation of REM sleep (34). Previous research has 
shown that sole administration of Ach inhibitors promoted 
wakefulness, but Ach inhibitors administered after a 
decrease in NA levels promoted REM sleep (35). 

In our study, a significant increase in Ach and decrease in 
NA levels in the brain were observed in all model groups. 
Furthermore, the level of 5-HT also significantly decreased 
compared with the control group and appeared to act as a 
wake-promoting neurotransmitter. Based on our data, it 

Figure 3 The levels of the five differential neurotransmitters. (A) The content of GABA in the brain tissue of mice after intervention with 
different products. (B) The content of NE in the brain tissue of mice after intervention with different products. (C) The content of Ach in 
the brain tissue of mice after intervention with different products. (D) The content of 5-HT in the brain tissue of mice after intervention 
with different products. (E) The content of DA in the brain tissue of mice after intervention with different products. Columns represent the 
mean ± SEM (n=8). Symbols indicate significant differences compared to control group by Bonferroni test, as *P<0.05.
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can be inferred that a L-THE/PSE mixture may inhibit NA 
and 5-HT neurotransmitter activity and reduce their levels 
in the brain. Furthermore, the results suggest that L-THE/
PSE mixtures may also activate the GABAergic neurons 
and increase the levels of GABA in the brain, consequently 
promoting sleep.

Our study suggests that the combined use of L-THE 
and PSE to improve sleep is more effective than the 
use of L-THE or PSE alone. The superior effect of the 
L-THE and PSE mixture is likely to be mediated by 
neurotransmitter systems, including the GABAergic system 
in the brain. Our results suggest that a L-THE and PSE 
mixture could serve as a plant material alternative for 
treating insomnia and sleep disorders, and there is potential 
for new foods to be developed to treat these conditions 
using a mixture of these ingredients.
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