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Abstract: Objective To analyze the changes in endogenous small molecule metabolites after benzo[a]pyrene (B[a]P) exposure
in rat cerebral cortex and explore the mechanism of B[a]P neurotoxicity. Methods Five- day-old SD rats were subjected to
gavage administration of 2 mg/kg B[a]P for 7 consecutive weeks. After the exposure, the rats were assessed for spatial learning
ability using Morris water maze test, ultrastructural changes of the cortical neurons under electron microscope, and metabolite
profiles of the cortex using GC/MS. The differential metabolites between the exposed and control rats were identified with
partial least squares discriminant analysis (PLS-DA) and the metabolic pathways related with the differential metabolites were
analyzed using Cytoscape software. Results Compared with the control group, the rats exposed to B[a]P showed significantly
increased escape latency (P<0.05) and decreased time spent in the target area (P<0.05). The exposed rats exhibited widened
synaptic cleft, thickened endplate membrane and swollen cytoplasm compared with the control rats. Eighteen differential
metabolites (VIP>1, P<0.05) in the cortex were identified between the two groups, and 9 pathways associated with B[a]P
neurotoxicity were identified involving amino acid metabolism, tricarboxylic acid cycle and Vitamin B3 (niacin and
nicotinamide) metabolism. Conclusion B[a]P can cause disturbance in normal metabolisms and its neurotoxicity is possibly
related with disorders in amino acid metabolism, tricarboxylic acid cycle and vitamin metabolism.
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Fig.2 Electron microscopy of the cerebral cortex of the rats (Original magnification: x20 000). A/C: Control group; B/D: B[a]

P-treated group. The white arrows indicate the synaptic cleft and the yellow arrows the cytoplasm.
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Fig.3 PLS-DA scoring diagram and total ion
chromatogram of the cortex tissue. A: Cortex
scoring plots of PLS-DA; B/C: Total ion
chromatogram of the cortex in control and
exposed groups.
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Fig.4 Metabolic network of the differential metabolites in rat cerebral cortex.
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Tab.1 Twelve differential metabolites and 9 pathways associated with B[a]P neurotoxicity in rat cerebral cortex

Name

VIP  Match percent (%)

Related metabolic pathway

Fumaric acid*

Glutamine*

Cysteine**

Nicotinamide*

Isoleucine**

Glycine**

Threonine*
Phenylalanine*
Aspartic acid**
Leucine**

Proline**

Glutamic acid**

1.11

1.22

1.61

1.00

1.39

1.24

1.05

1.55

1.54

1.39

1.34

1.24

84

86

90

90

94

96

97

97

98

98

98

99

TCA cycle;
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine

Vitamin B3 (nicotinate and nicotinamide) metabolism;
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine

Methionine and cysteine metabolism;
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine

Vitamin B3 (nicotinate and nicotinamide) metabolism

Valine, leucine and isoleucine degradation

Vitamin B9 (folate) metabolism;
Glycine, serine, alanine and threonine metabolism;
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine;

Glycine, serine, alanine and threonine metabolism
Tyrosine metabolism
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine
Valine, leucine and isoleucine degradation

Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine

Histidine metabolism;
Vitamin B9 (folate) metabolism;
Urea cycle and metabolism of arginine, proline, glutamate, aspartate and asparagine

Compared with control group, *P<0.05, **P<0.01.



AR S AE T8 B2 M T E RN, Co 1 BERIL)S
F L Co I, Co I B A Y- 6- Wi N ML S AR Ji ] 2
S EHTELRIY NADPH™ 2 O Akt b el Ak
JOE i A i AT RERIL] o

25 LT AP AR s TR U TCA |
A RS Bla P AT RERY M ZERE R

SE Wk

[1] Nie JS, Duan L, Yan ZW, et al. Tau hyperphosphorylation is
associated with spatial learning and memory after exposure to
benzo [a] pyrene in SD rats[J]. Neurotox Res, 2013, 24(4): 461-71.

[2] Chepelev NL, Moffat ID, Bowers WJ, et al. Neurotoxicity may be
an overlooked consequence of benzo [a] pyrene exposure that is
relevant to human health risk assessment[J]. Mutat Res Rev Mutat
Res, 2015, 764(8): 64-89.

[3] Chen CZ, Tang Y, Cheng SQ, et al. New candidate proteins for
Benzo(a) pyrene-induced spatial learning and memoru deficits[J]. J
Toxicol Sci, 2011, 36(2): 163-71.

[4] XiaY, Cheng S, He J, et al. Effects of subchronic exposure to benzo
[a]pyrene (B[a]P) on learning and memory, and neurotransmitters
in male Sprague-Dawley rat[J]. Neurotoxicology, 2011, 32(2): 188-
98.

[5] Das M, Seth PK, Mukhtar H. Distribution of benzo(a)pyrene in
discrete regions of rat-brain [J]. Bull Environ Contam Toxicol,
1985, 35(4): 500-4.

[6] Wang GW, Cai JX. Disconnection of the hippocampal-prefrontal
cortical circuits impairs spatial working memory performance in rats
[J]. Behav Brain Res, 2006, 175(2): 329-36.

[7] Demaster D, Pathman T, Ghetti S. Development of memory for
spatial context: Hippocampal and cortical contributions [J].
Neuropsychologia, 2013, 51(12, SI): 2415-26.

[8] Edward ES, Jonides J. Storage and executive processes in the
frontal lobes[J]. Science, 1999, 283(6): 1657-61.

[9] Banuelos C, Beas BS, Mcquail JA, et al. Prefrontal cortical
GABAergic dysfunction contributes to age-related working
memory impairment[J]. J Neurosci, 2014, 34(10): 3457-66.

[10] Nicholson JK, Lindon JC, Holmes E. 'Metabonomics': understanding
the metabolic responses of living systems to pathophysiological
stimuli via multivariate statistical analysis of biological NMR
spectroscopic data[ J]. Xenobiotica, 1999, 29(11): 1181-9.

[11] Chang KL, New LS, Mal M, et al. Metabolic profiling of 3-
nitropropionic acid early-stage Huntington's disease rat model using
gas chromatography time-of-flight mass spectrometry [J]. J
Proteome Res, 2011, 10(4): 2079-87.

[12]Song QQ, Zheng PF, Qiu LG, et al. Toxic effects of male Perna
viridis gonad exposed to BaP, DDT and their mixture: A
metabolomic and proteomic study of the underlying mechanism[J].
Toxicol Lett, 2016, 240(1): 185-95.

[13] Yang K, Jiang XE, Su QP, et al. Disruption of glutamate

neurotransmitter transmission is modulated by SNAP-25 in benzo

[a] pyrene-induced neurotoxic effects[J]. Toxicology, 2017, 384(5):
11-22.

[14] Spear LP. Assessment of adolescent neurotoxicity: Rationale and
methodological considerations [J]. Neurotoxicol Teratol, 2007, 29
(1): 1-9.

[15] Mccallister MM, Li Z, Zhang TW, et al. Revealing behavioral
learning deficit phenotypes subsequent to in utero exposure to benzo
(a)pyrene[J]. Toxicol Sci, 2016, 149(1): 42-54.

[16] Narita K, Nagao K, Bannai M, et al. Dietary deficiency of essential
amino acids rapidly induces cessation of the rat estrous cycle[J].
PLoS One, 2011, 6(11): €28136.

[17] Zhang TS, Wang W, Huang J, et al. Metabolomic investigation of
regional brain tissue dysfunctions induced by global cerebral
ischemial J]. BMC Neurosci, 2016, 17(1): 25.

[18] Hou YQ, Yin YL, Wu GY. Dietary essentiality of "nutritionally non-
essential amino acids" for animals and humans[J]. Exp Biol Med
(Maywood), 2015, 240(8): 997-1007.

[19] Tabatabaie L, Klomp LW, Berger R, et al. L-serine synthesis in the
central nervous system: a review on serine deficiency disorders[J].
Mol Genet Metab, 2010, 99(3): 256-62.

[20] Welch KM, Meyer JS, Chabi E, et al. Tyrosine uptake and
neurotransmitter synthesis in ischemic brain after administration of
alpha and beta adrengeric blocking agents to man [J]. Trans Am
Neurol Assoc, 1975, 100(8): 256-9.

[21] Seyedabadi M, Fakhfouri G, Ramezani V, et al. The role of
serotonin in memory: interactions with neurotransmitters and
downstream signaling[J]. Exp Brain Res, 2014, 232(3): 723-38.

[22] Cazin M, Luyckx M, Brunet C, et al. Excitatory amino acid
receptors[J]. J Pharm Belg, 1991, 46(2): 100-6.

[23]Peris J, Dunwiddie TV. Inhibitory neuromodulation of release of
amino acid neurotransmitters [J]. Alcohol Drug Res, 1985, 6(4):
253-64.

[24] Meredith RM, Mccabe BJ, Kendrick KM, et al. Amino acid
neurotransmitter release and learning: A study of visual imprinting
[J]. Neuroscience, 2004, 126(2): 249-56.

[25] Zhang HM, Nie JS, Xue CE, et al. Influence of benzo[a]pyrene on
learning and memory and content of amino acid neurotransmitters
in hippocampus of rats[J]. Zhonghua Lao Dong Wei Sheng Zhi Ye
Bing Za Zhi, 2008, 26(9): 546-8.

[26] Constantinou C, Chrysanthopoulos PK, Margarity M, et al. GC-MS
metabolomic analysis reveals significant alterations in cerebellar
metabolic physiology in a mouse model of adult onset
hypothyroidism[J]. J Proteome Res, 2011, 10(2): 869-79.

[27] Elias MF, Robbins MA, Budge MM, et al. Homocysteine, folate,
and vitamins B6 and BI12 blood levels in relation to cognitive
performance: the maine-syracuse study[J]. Psychosom Med, 2006,
68(4): 547-54.

[28] Pollak N, Dolle C, Ziegler M. The power to reduce: pyridine
nucleotides--small molecules with a multitude of functions [J].
Biochem J, 2007, 402(2): 205-18.





