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Taurine ameliorates volatile
organic compounds-induced
cognitive impairment in young
rats via suppressing oxidative
stress, regulating
neurotransmitter and activating
NMDA receptor

Yongchao Gao1†, Chao Sun2†, Ting Gao1†, Zhiyong Liu1,

Zhao Yang1, Hui Deng1, Peng Fan1 and Junhong Gao1*

1Toxicology Research Center, Institute for Hygiene of Ordnance Industry, Xi’an, China, 2Xijing

Hospital, The Fourth Military Medical University, Xi’an, China

Long-term exposure to volatile organic compounds (VOCs) in children leads to

intellectual and cognitive impairment. Taurine is an essential nutritional amino

acid for children, which can improve neurological development in children.

However, the neuroprotective e�ect of taurine on VOCs-induced cognitive

impairment in children remains unclear. The aim of this studywas to investigate

the neuroprotective e�ects of taurine on VOCs-induced cognitive impairment

in young rats. The rats were nose-only exposed to VOCs for a period of 4

weeks to create a model of cognitive impairment, and 0.5% and 1% taurine

in tap water were administered throughout the trial period, respectively. Our

results showed that young rats adjusted the recovery of their physiological

functions by voluntarily increasing the intake of taurine in tap water when

exposed to excessive VOCs by inhalation. In addition, taurine enhanced grasp,

shortened the latency period of escape, and improved the learning and

memory function of young rats. Moreover, taurine decreasedmalondialdehyde

(MDA), γ-aminobutyric acid (GABA), Aspartate aminotransferase (AST), Alanine

aminotransferase (ALT), Urea, Creatinine (CREA) and injury biomarker level,

enhanced superoxide dismutase (SOD), reduced glutathione (GSH) and

glutamic acid (Glu) activities, up-regulated the protein expression of brain

derived neurotrophic factor (BDNF) and N-Methyl-d-aspartate receptor 1

(NMDAR1) in model rats, and in most of cases 1% but not 0.5%, ameliorated

the defects induced by VOCs. Collectively, these findings suggested that

taurine protected against VOCs-induced cognitive-behavioral impairment in

young rats through inhibiting oxidative stress and regulating neurotransmitter

homeostasis. In addition, taurine were capable of restoring abilities of

learning and memory in young rats exposed to VOCs by activating
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FIGURE 3

E�ects of taurine on learning and memory of rats exposed to VOCs. (A) Escape latency. (B) Time in target quadrant. (C) Number of platform

location crossing. (D–G) Movement tracks of rats in control group, VOCs group, VOCs+0.5% taurine group and VOCs+1% taurine group. Data

are expressed as mean ± SD. (n = 6). a: P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

< 0.05), and there was no significant difference among the other

three groups (P > 0.05). On the 5th day, the escape latency of

rats in VOCs group was significantly higher than that in control

group (P < 0.05). There was no significant difference among the

other three groups (P > 0.05).

The results of the spatial probe test were shown in

Figures 3B,C. The time in target quadrant and the number of

platform location crossing of VOCs group and VOCs+0.5%

taurine group were significantly lower than that of the control

group (P < 0.05). There was no significant difference between

the VOCs+1% taurine group and control group (P > 0.05).

It showed the movement trajectories of rats in each group

(Figures 3D–G). The control and VOCs+1% taurine groups

have similar movement trajectories, and the rats can quickly

locate the platform position. Compared with control group,

the trajectories of VOCs and VOCs+0.5% taurine groups were

significantly prolonged.

E�ects of taurine on biomarkers of serum
nerve injury and general biochemical
parameters of rats exposed to VOCs

In Figures 4A–C, the contents of GFAP, MBP, and NF-

L in VOCs group were significantly higher than those in

control group (P < 0.05). There was no difference in the

contents of GFAP and NF-L between VOCs group and

VOCs+0.5% taurine group (P > 0.05). The contents of

GFAP, MBP, and NF-L in serum of the VOCs+1% taurine

group were not different from those in control group (P

> 0.05), but lower than those in VOCs group (P < 0.05).

Furthermore, we tested serum biochemical parameters that

reflect liver and kidney function. The results showed that

compared with control group, the serum urea, CREA, ALT and

AST of VOCs group were significantly increased (P < 0.05,

Figures 4D–G). The urea and ALT content in serum of rats

in VOCs+0.5% taurine and VOCs+1% taurine groups were

lower than that in VOCs group (P < 0.05, Figures 4D,F), and

there was no significant difference compared to the control

group (P > 0.05). Although the CREA and AST content

of VOCs+0.5% taurine and VOCs+1% taurine groups were

lower than that of VOCs group (P < 0.05), only VOCs+1%

taurine group had no significant difference with the control

group (P > 0.05, Figures 4E,G).

E�ects of taurine on oxidative stress level
in brain tissue of rats exposed to VOCs

To investigate whether taurine mitigated VOCs-induced

lipid peroxidation damage, the antioxidant enzymes SOD, CAT,

GSH and lipid peroxidation product MDA in the antioxidant
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FIGURE 4

E�ects of taurine on biomarkers of serum nerve injury and general biochemical parameters caused by VOCs in rats. (A) Contents of GFAP in rat

serum. (B) Contents of MBP in rat serum. (C) Contents of NF-L in rat serum. (D) Contents of UREA in rat serum. (E) Contents of CREA in rat

serum. (F) Contents of ALT in rat serum. (G) Contents of AST in rat serum. Data are expressed as mean ± SD. (n = 6). a: P < 0.05 vs. control

group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

system were measured. The results were shown in Figure 5.

Compared with control group, MDA was increased in VOCs

group, while SOD, GSH and CAT activities were decreased (P <

0.05). The MDA content in brain tissues of rats in VOCs+0.5%

taurine and VOCs+1% taurine groups was lower than that in

VOCs group (P < 0.05), and there was no significant difference

between VOCs+1% taurine and control groups (P > 0.05,

Figure 5A). Rats in the VOCs+1% taurine group had higher

SOD activity and GSH concentration in brain tissue than rats in

the VOCs group (P< 0.05, Figures 5B,C). However, there was no

significant difference in CAT activity between 1% taurine group

and the VOCs group (P > 0.05, Figure 5D).

E�ects of taurine on neurotransmitters in
brain tissue of rats exposed to VOCs

The contents of Glu and GABA in rat brain tissues of each

group were shown in Figure 6. Glu was found to be considerably

lower in the VOCs and VOCs+0.5% taurine groups compared

to the control group, but GABA concentration was significantly

higher (P < 0.05). Glu was significant higher in the VOCs+1%

taurine group compared to VOCs and VOCs+0.5% taurine

groups (P < 0.05), and GABA was lower in the VOCs+1%

taurine group (P < 0.05), but there was no significant difference

with control group (P > 0.05).

Changes of taurine content in the serum,
brain, liver, and kidney tissue of rats
exposed to VOCs

We further examined taurine levels in serum, brain, liver

and kidney tissues to investigate the dose-dependent effects

of taurine. The results showed that there was no significant

difference in serum taurine content of each group (P > 0.05,

Figure 7A). However, taurine content in brain, liver and kidney

of VOCs group was significantly lower than that of control

group. Compared with VOCs and VOCs+0.5% taurine group,

taurine content in these tissues was significantly increased in

VOCs+1% taurine group (P < 0.05, Figures 7B–D).

E�ects of taurine on the hippocampus of
rats exposed to VOCs

The effects of taurine on VOCs-induced hippocampal

neuron injury in rats were investigated by H&E and Nissl

staining. Nissl staining showed that neurons in the hippocampus

of control group (Figure 8A) were neatly arranged. In VOCs

group (Figure 8B), nerve cells in the hippocampal area

were scattered and stained slightly. After 0.5% and 1%

taurine intervention (Figures 8C,D), the neurons showed
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FIGURE 5

E�ects of taurine on oxidative stress level in brain tissue of rats exposed to VOCs. (A) MDA content in brain tissue. (B) SOD activity in brain tissue.

(C) GSH content in brain tissue. (D) CAT activity in brain tissue. Data are expressed as mean ± SD (n = 6). a: P < 0.05 vs. control group. b: P <

0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

FIGURE 6

E�ects of taurine on neurotransmitters in brain tissue of rats exposed to VOCs. (A) Glutamate content in brain tissue. (B) γ - aminobutyric acid

content in brain tissue. Data are expressed as mean ± SD. (n = 6). a: P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs.

VOCs+0.5% taurine group.
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FIGURE 7

Changes of taurine content in the serum, brain, liver and kidney tissue of rats exposed to VOCs. (A) Taurine content in rat serum. (B) Taurine

content in rat brain. (C) Taurine content in rat kidney. (D) Taurine content in rat liver. Data are expressed as mean ± SD. (n = 6). a: P < 0.05 vs.

control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

darker staining. H&E staining showed regular arrangement

of cells in the hippocampus of rats in control group

(Figure 8E). The number of neurons in the hippocampus

of rats in VOCs group (Figure 8F) decreased and arranged

irregularly. Taurine intervention improved hippocampal nerve

injury in VOCs+0.5%taurine and VOCs+1%taurine groups

(Figures 8G,H). Compared with VOCs group, the number of

viable neurons in the hippocampal CA1 region of rats in

VOCs+1%taurine group (Figure 8I) (P < 0.05) increased with

regular arrangement.

E�ects of taurine on BDNF and NMDAR1
protein expression in hippocampus of
rats exposed to VOCs

The protein expressions of BDNF and NMDA receptor were

evaluated using the western blotting technique to investigate the

protective effects of taurine. Compared to the control group,

BDNF expression was shown to be significantly lower in the

VOCs group (P < 0.05, Figure 9). Treatment with 1% taurine

significantly upregulated BDNF protein expression in VOCs-

exposed rats (P < 0.05), while 0.5% taurine did not (P >

0.05, Figure 9B). The NMDAR1 protein expression level was

found significantly decreased in VOCs and VOCs+0.5% taurine

group (P < 0.05). Following 1% taurine treatment, there was a

significant activation of NMDAR1 protein expression compared

with the VOCs group (P < 0.05, Figure 9C).

Discussion

Taurine has antioxidant and neuroprotective properties (29,

30). Dietary supplementation of taurine has been recognized

to improve neurological abnormalities and promote health

in infants and children (31). It is particularly prevalent in

the developing brain, where it regulates neural progenitor
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FIGURE 8

E�ects of taurine on the hippocampus of rats exposed to VOCs. (A) control group (Nissl staining, ×400). (B) VOCs group (Nissl staining, ×400).

(C) VOCs+0.5% taurine group (Nissl staining, ×400). (D) VOCs+1% taurine group (Nissl staining, ×400). (E) control group (H&E, ×400). (F) VOCs

group (H&E, ×400). (G) VOCs+0.5% taurine group (H&E, ×400). (H) VOCs+1% taurine group (H&E, ×400). (I) The number of living neurons in

hippocampal CA1 region. Data are expressed as mean ± SD. (n = 3). a: P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs.

VOCs+0.5% taurine group. The red arrow indicates damaged neuronal cells.

FIGURE 9

E�ects of taurine on BDNF and NMDAR1 protein expression in hippocampus of rats exposed to VOCs. (A) Western blot analyses of BDNF and

NMDAR1 proteins. GAPDH served as a loading control. (B) Western blots analysis showing the e�ect of taurine on BDNF protein expression

level. (C) Western blots analysis showing the e�ect of taurine on NMDAR1 protein expression level. Data are expressed as mean ± SD. (n = 3). a:

P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.
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cell proliferation and synaptic formation throughout fetal

and neonatal development (32). In this study, we used the

formaldehyde, benzene, toluene, xylene mixture of liquid

aerosols acting inhaled infected were cognitie impairmentmodel

is established, from the nerve behavior, nerve damage markers,

oxidative stress and neurotransmitter protein expression etc.

Comprehensive study of the taurine to improve the effectiveness

of VOCs to her pups cognitie impairment. And we found that

taurine protected against VOCs-induced cognitive-behavioral

impairment in young rats through inhibiting oxidative stress

and regulating neurotransmitter homeostasis. In addition,

taurine were capable of restoring abilities of learning and

memory in young rats exposed to VOCs by activating the

NMDA receptor. This study confirmed the potential protective

effect of taurine on VOCs-induced cognitive impairment in

young rats, which is of great significance for taurine to

improve children’s intelligence and cognitive ability through

dietary approach.

Animal body weight, food intake, and water consumption

are all critical indicators of bodily system toxicity. The weight

and food intake of rats in the model group dropped in

varied degrees from 2 to 4 weeks after exposure, resulting in

delayed weight gain, as compared to the blank control group.

However, as compared to the blank control group, the 1%

taurine intervention group’s weight and food intake remained

unchanged. We found that at week 4, the water intake of the

1% taurine intervention group was slightly higher than that

of the control group. It was considered that the body could

adjust its physiological function recovery by increasing the

intake of taurine after exposure to VOCs and formaldehyde

mixed inhalation.

Grasp control is closely related to the central nervous system,

and is often used to study the neuromuscular function of

rodents. Grasping change is an important evidence of motor

neurotoxicity. Some scholars have found that subchronic low-

dose VOCs exposure damages neuromuscular function in mice

(12), which is consistent with our findings. In this experiment,

the grasping force of rats in the model group was considerably

lower than that of rats in the control group, showing that

rats’ neuromuscular function was harmed by subacute exposure

to VOCs. However, the high-dose taurine intervention group

and the control group had the same gripping force, indicating

that a 1% taurine intervention can effectively restore the

neuromuscular function loss caused by VOCs in rats. In our

further study on spontaneous activity and the exploratory

behavior, we found that activity time and distance of young

rats in the model group were reduced to some extent compared

with 1% taurine intervention group and control group. The

results indicated that taurine could reverse spontaneous activity

and exploration behavior in VOCs damaged rats, but the

improvement effect was not significant. At present, a study

conducted Morris water maze behavioral test on VOCs modeled

animals and found that the escape latency of mice significantly

increased and the residence time in the target quadrant

decreased after acute or long-term inhalation of VOCs (12).

The Morris Water Maze results of this study show that: Model

group rats time find the platform, through the platform of the

times, stay time in the target quadrant are lower than the control

group, shows that VOCs subacute exposure affects the ability

of learning and memory of rats, the water intake of taurine

intervene and found that 1% taurine intervention group of rats

and control rats trajectory is roughly same, can quickly find the

platform position. In general, through the analysis of behavioral

test results, taurine has a significant improvement effect on

VOCs-induced cognitive behavioral damage in young rats.

Serum GFAP, MBP and NF-L are important biomarkers

of nervous system injury, which are often used to determine

the degree of nervous system injury. GFAP is an intermediate

filament involved in astrocyte cytoskeleton construction and is

also a central nervous expression protein (33). MBP is the main

protein of myelin in central nervous system and is involved in

myelin structural proteins (34). NF-L is mainly expressed in

axon white matter and is the main component of cytoskeleton.

Under normal physiological conditions, these three substances

mainly exist in the central nervous system (35). When the

nervous system is damaged, GFAP, MBP and NF-L can cross the

blood-brain barrier and enter the blood, resulting in increased

blood content. In this study, the levels of GFAP, MBP, and

NF-L in the serum of rats in the VOCs model group were

higher than in the control group, demonstrating that high-dose

VOC exposure can cause nervous system injury in young rats.

Meanwhile, we found that the abnormally elevated biomarkers

of nerve damage in serum of rats in the 1% taurine intervention

group could be restored to the normal level. However, the

specific mechanism is unclear and needs further study. It has

been reported that taurine has liver and kidney protective effects

against the harmful effects of a variety of exogenous substances

(36, 37). Meantime, VOCs may have toxicity not only in brain

but in many other tissues, especially liver and kidney. Therefore,

through further check general blood biochemical parameters,

we found that the rats in the VOCs+1% taurine group showed

significant recovery in serum AST, ALT, UREA and CREA

compared with those in the VOCs model group, but not obvious

by 0.5% taurine. We speculate that the effect of taurine in

peripheral may partly contribute to the action of taurine against

brain damage.

Taurine is a key modulator of homeostasis that has a

number of roles in providing protection against oxidative

stress. Taurine has been demonstrated to protect cultured cells,

organs, and mammals from the harmful effects of oxidative

stress caused by a wide range of chemicals, such as Arsenic,

carbon tetrachloride, Nitrogen content, arsenide, Endosulfan,

cisplatin, adriamycin, Streptozotocin, Bisphenol A, etc. Harmful

consequences of oxidative stress (38, 39). According to in vitro

and in vivo studies, taurine’s neuroprotective potential is due

to its antioxidant action in the brain (40). Studies on the
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neuroprotective mechanism of taurine mainly focus on the

activities of acetylcholinesterase and antioxidant enzyme, as well

as scavenging oxygen-free radicals and enhancing antioxidant

stress ability by preventing the increase of hydrogen peroxide

and lipid peroxide levels in animal brain tissues caused by toxic

and harmful substances (29, 41, 42). Therefore, we assessed

the effect of taurine on VOCs-induced oxidative stress levels.

The results found that exposure to MDA content in rats

tissue levels of VOCs, endogenous antioxidant GSH content

is reduced, this may be due to too many free radicals can’t

get the enzymes GSH antioxidant substances removal, cause

lipid peroxidation, and thus the increase of lipid peroxidation

products MDA, lipid peroxidation damage, Taurine treatment

significantly prevented oxidative damage to the brain. Taurine

was found to considerably reduce the lipid peroxidation

damage caused by VOCs in this investigation. Taurine also

enhanced the involvement of the antioxidant enzyme SOD in

an attempt to combat VOCs-induced oxidative stress, but the

effect was not obvious. In addition, histopathology showed that

taurine significantly hindered the progression of brain tissue

injury, and the effect was most obvious in the 1% taurine

intervention group. This may be because the resistance of brain

tissue to morphological injury is related to the restoration of

antioxidant system.

Oxidative stress subsequently enhances proinflammatory

factor release through activation of B cell activator (NF-

κB pathway). Changes in the release of neurotransmitters

such as Glutamate, neuropeptides, and growth factors are

caused by high amounts of pro-inflammatory cytokines,

resulting in neuroanxiety and depression (43). BDNF is

an important neurotrophic factor that promotes neuronal

development, differentiation, survival, and the creation of

long-term memories. There is a large amount of evidence

for the role of BDNF in the pathogenesis of behavioral

disorders (44). It has been proved that by stimulating the

PKA-CREB-BDNF signaling pathway in vitro, taurine can

accelerate neural stem cell differentiation into neurons, raise

the ratio of neurons to glial cells, and inhibit gliosis (45). The

endocrine system and cerebral development are disrupted by

hexabromocyclododecanes (HBCDs), which impairs cognitive

function further. Taurine increases protein expression of BDNF

and NGF, Significantly improved cognitive impairment caused

by HBCDs in developing rats (46). This study also found that

1% taurine treatment can significantly improve VOCs-induced

cognitive impairment in young rats by upregulating the protein

expression of BDNF. In this VOCs model, we found that the

endogenous taurine content in the brain, liver and kidney tissue

were significantly reduced. Results showed that the taurine

content in the brain, liver and kidney tissue was increased

obviously after exogenous 1% taurine supplementation, and

with the increase of taurine level, the taurine content in tissues

increased in a dose-dependent effect. Therefore, it is believed

that 1% taurine treatment may recover the change in taurine

content in the brain, liver and kidney tissues and ameliorate the

defects induced by VOCs, but not enough by 0.5%.

Central nervous system toxicity usually occurs in an

imbalance between excitatory and inhibitory neurotransmitters.

Neurotransmitters act as signaling molecules that carry signals

from neurons to target cells and regulate a variety of

biological processes and behaviors. Glu and GABA are typical

neurotransmitters that are important for learning and memory

(47). Past studies showed that a low Glu/GABA ratio can cause

learning and memory problems (48, 49). The destruction of

Glu and GABA balance may be an important pathway for

impaired learning and memory (50). In this study, Glu content

decreased and GABA content increased in rats brain tissue after

VOCs exposure, suggesting that neurotransmitter homeostasis

was disrupted and thus impaired learning and memory. Taurine

significantly improved the VOCs-induced imbalance of Glu and

GABA, suggesting that taurine could play a neuroprotective

role by affecting the balance of Glu and GABA. The role of

taurine in the central nervous system is largely determined

by complex interactions in the Glu/GABA system and NMDA

receptors (51). In vertebrate central nerves, ionic Glutamate

receptors (iGluRs) are ligand-gated ion channels that mediate

most excitatory neurotransmission. The key drivers of synaptic

plasticity are NMDA receptors, which are major members of

the iGluR family. They are commonly recognized as the main

cellular matrix for learning and memory (52). NMDARl is a

functional subunit of the NMDA receptor that is involved in

synaptic plasticity, memory, and learning. Studies have shown

that deletion of the NMDARl gene leads to deficits in social

memory in CA3 pyramidal cells (53). Abnormal activation of

extracellular NMDA receptor subunits may lead to elevated

extracellular Glutamate levels and reduced reuptake, leading

to neuronal damage (54). Studies have shown that short-

term inhalation of high-dose VOCs mixtures affects learning

and memory performance and expression of NMDA receptor

subunits in mice (16). Taurine is a weak agonist of NMDA

receptor (55). Taurine has been found to protect nervous system

and cognitive function by activating GABAA receptors and

NMDA receptors in animal models of lead poisoning (56).

The expression of NMDAR1 protein in the hippocampus of

rats in the VOCs group was shown to be lower in this study,

which could be one of the fundamental mechanisms of VOCs

affecting learning and memory. Taurine supplementation can

considerably reduce the VOCs-induced reduction in NMDAR1

protein expression, improve rat learning and memory, and

safeguard nervous system function.

Conclusion

In summary, this study demonstrated that 1% taurine

treatment ameliorated cognitive impairment caused by VOCs

in young rats. Taurine protects nerve injury by down-regulating
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GFAP, MBP and NF-L levels in serum and up-regulating

BDNF protein expression in brain tissue, thus improving

neurobehavioral function. Further, taurine ameliorates lipid

peroxidation damage in the nervous system by preventing the

VOCs-induced elevation of MDA levels in rat brain tissue.

In addition, taurine can restore learning and memory ability

and neurological damage in young rats exposed to VOCs by

regulating imbalance of Glu/GABA system and activating the

NMDA receptor. This study demonstrates taurine as a potential

novel drug for the treatment of cognitive behavioral disorders

especially in children.
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