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Abstract

1,2-Diacetylbenzene (DAB) is a metabolite of 1,2-diethylbenzene, which is commonly used in the manufacture of plastics and
gasoline. We examined the neurotoxic effects of DAB in young and old rats, particularly its effects on hippocampus. Previously, we
reported DAB impairs hippocampal neurogenesis but that the underlying mechanism remained unclear. In this study, we evaluate
the toxicities exhibited by DAB in the hippocampi of 6-month-old (young) and 20-month-old (old) male SD rats by treating animals
intraperitoneally with DAB at 3 mg/kg/day for 1 week. Hippocampal areas were dissected from brains and RNA was extracted and
subjected to RNA-seq analysis. RNA results showed animals exhibited age-dependent sensitivity to the neurotoxic effects of DAB.
We observed that inflammatory pathways were up-regulated in old rats but that metabolism- and detoxification-related pathways
were up-regulated in young rats. This result in old rats, especially upregulation of the TREM1 signaling pathway (an inflammatory
response involved in Alzheimer’s disease (AD)) was confirmed by RT-PCR. Our study results provide a better understanding of
age-dependent responses to DAB and new insight into the association between DAB and AD.
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INTRODUCTION and plays an important role in the inflammatory processes in-
volved in diseases, including Alzheimer’s disease (Liguori et
Organic solvents are commonly used in industry (Dick, 2006). al., 2018; Sarkar et al., 2019). The hippocampus is a major
1,2-Diethyl benzene (DEB) is a component of gasoline and jet contributor to learning and memory and is disrupted in neuro-
fuel (Thrall et al., 2007) and can be easily absorbed through degenerative diseases, especially in Alzheimer’s disease (AD)
skin or by inhalation (Kim et al., 2007). 1,2-Diacetylbenzene (Anand and Dhikav, 2012).
(DAB) is a neurotoxic metabolite of DEB (Cavender, 1994) Environmental toxic stress can adversely affect health and
and can induce central and peripheral neuropathies that result lead to lifelong problems in learning, behavior, and physical
in motor neuronal deficits (Sabri et al., 2007) and impair hip- and mental health (Anand and Dhikav, 2012; Franke, 2014).
pocampal neurogenesis (Kim et al., 2011). In addition, DAB Furthermore, the proportion of elderly people is increasing
increases oxidative stress, activates microglia, and causes worldwide, and it has been estimated that the number of peo-
memory deficits via tau hyperphosphorylation (Kang et al., ple aged =60 years will reach over 2 billion in 2050 (Stam-
2017). Furthermore, it has been well established that oxidative bler et al., 2018). In the toxicology field, research efforts have
stress is associated with age-related degenerative conditions focused on young adults rather than the elderly, and older
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people have different biologic responses to xenobiotics due
in part to reduced liver and kidney functions (Kim et al., 2015;
Denic et al., 2016). Therefore, we considered study of toxic
responses in older people was warranted to address concerns
related to societal aging (Geller and Zenick, 2005).

To investigate the different responses between young and
old condition, we chose 6-month-old and 20-month-old rats to
represent the two groups. Laboratory rats have an average life
span of about 2-3.5 years and reach their sexual maturity at
about six weeks of age (Sengupta, 2013). Six months and 20
months are equal to 18 years and around 50 years old in hu-
mans, respectively. In this study, we evaluated the neurotoxic
effects of DAB in 6-month-old (young) and 20-month-old (old)
male SD rats by genome-scale transcriptome analysis using
RNA-Seq (Ji and Sadreyev, 2018). Young and old rats were
treated with 3 mg/kg/day intraperitoneally for 1 week with the
aim of identifying the different mechanisms responsible for the
neurotoxicity of DAB in old and young subjects.

MATERIALS AND METHODS

Animal treatment and sample preparation

Young (6-month-old) and old (20-month-old) specific pathogen-
free male Sprague-Dawley rats were obtained from Samtako,
Inc (Osan, Korea). Temperature and humidity were maintained
at 23-25°C and 45-55%, respectively, and animals were main-
tained under a 12 h light/12 h dark diurnal cycle. Food and
water were provided ad libitum. Young and old rats were as-
signed to control and DAB-treated groups at 3 rats per group.
Animals were acclimatized for 1-week before experiments and
then treated with saline (controls) or DAB at 3 mg/kg/day in
saline i.p. for 1 week. Experiments were performed in accor-
dance with the animal care guidelines issued by the Pusan
National University Animal Care Committee (Pusan National
University, Busan, Korea). After treatment, rats were sacrificed
by decapitation, and hippocampi destined for RNA extraction
were quickly dissected, immediately frozen in liquid nitrogen,
and stored at —80°C for RNA extraction.

Isolation of total RNA from hippocampus
Total hippocampal RNA was purified using TRIzol reagent

Table 1. Primer sequences for RT-PCR analysis (5'— 3)

(Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Homogenates of hippocampal samples in
TRIzol reagent (1 mL per 50 mg tissue) were incubated for
5 minutes at room temperature (RT), 0.2 mL chloroform was
added, incubated for 2 min at RT, and centrifuged at 12,000
g for 10 min at 4°C. The aqueous phase was transferred to a
fresh tube, 0.5 mL of isopropyl alcohol (Sigma Aldrich, MO,
USA) was added per 1 mL of TRIzol reagent, incubated for 10
minutes at RT, and centrifuged at 12,000 g for 10 minutes at
4°C. RNA pellets were washed by adding 0.5 mL of 75% etha-
nol and centrifuging at 8,000 g for 5 minutes at 4°C, super-
natants were carefully discarded, washed with ethanol, and
air-dried for 5 minutes. RNAs were then dissolved in water
containing DEPC (diethyl pyrocarbonate 1%, v/v), incubated
for 10-15 minutes at 56°C, and checked for quality by measur-
ing optical density ratios: OD 2501280 and OD 260/230-

RNA sequencing

An RNA sequencing library was generated using the TruSeq
RNA sample preparation kit (lllumina, San Diego, CA, USA).
Briefly, mMRNA was separated from total RNA using Oligo (dT)
beads and chemically fragmented. After double-strand cDNA
synthesis of fragmented mRNA, end-repair, adenylation of 3'-
ends, and sequencing adapter ligation, DNA purification with
magnetic beads and PCR amplification were carried out. Fi-
nally, amplified libraries were purified, quantified, and subject-
ed to template preparation. The HiSeq2500 platform was used
to generate 101-bp paired-end sequencing reads (lllumina).

Genome mapping and identification of differentially
expressed genes

All 101-bp paired-end sequence reads were preprocessed
by eliminating adaptor sequences and low quality reads using
BBDuk in BBMap version 34.90 (https://jgi.doe.gov/data-and-
tools/bbtools/). Cleaned sequence reads were mapped to the
rat transcriptome (Ensembl Rnor_6.0) using Bowtie2 version
2.2.5 (Langmead and Salzberg, 2012) and RSEM package
version 1.2.21 (Li and Dewey, 2011). Finally, differentially
expressed genes (DEGs) were identified using EBseq in the
R package (Leng et al., 2013). Significantly different mMRNA
expression was defined as a fold change threshold of 2 and
a posterior probability of a differential expression (PPDE)

Sequence (5'—3’)

Primers
Forward Reverse

IL-1B GACTTCACCATGGAACCCGT GGAGACTGCCCATTCTGCAC
iNOS GTTCCTCAGGCTTGGGTCTT TGGGGGAACACAGTAATGGC
DAP12 ACAGGCCCAGACTGACAATTA GGGCATAGGGTGGGTTCATC
TREM1 GGTGTGTCCGTTCCTGACAT CCTCTTTCCTGAGGGTGCAG
NF-kB TTCAACATGGCAGACGACGA CCATCTGTTGACAGTGGTATATCTG
Casp1 GACCGAGTGGTTCCCTCAAG GACGTGTACGAGTGGGTGTT
TLR4 CGCTTTCAGCTTTGCCTTCA CTCCAGAAGATGTGCCTCCC
C3a GGTCAGTACACCGACAAGGG TCTCTTCTGTGCTGCTCACG
Cb5a TGCTGTTATGATGGAGCCCG CTGATGCAGTGTGGGCCTAT
GAPDH GTTACCAGGGCTGCCTTCTC GATGGTGATGGGTTTCCCGT

TREMA1, Triggering Receptors expressed on myeloid Cells 1; TLR4, Toll-like receptor 4; C3a, C5a, complement components C3a, C5a;
DAP-12, 12-kDa DNAX activating protein; Casp1, caspase 1; IL-1B, interleukin 1 beta; NF-xB, nuclear factor kappa-light-chain-enhancer of
activated B cells; iNOS, inducible nitric oxide synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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threshold of 0.95.

Gene set enrichment testing and functional categorization

To characterize biological pathways associated with DAB,
DEGs were analyzed using Ingenuity Pathways Analysis soft-
ware (IPA; Ingenuity Systems, Redwood City, CA, USA) for
biological functions and canonical pathways.

Protein network predictions

Protein-protein interaction (PPI) networks were generated
by retrieving relatively high confidence protein interactions
(confidence score cut-off of 0.7) from the STRING database
(Szklarczyk et al., 2015). The resulting network was visualized
using Cytoscape and network metrics (degree and between-
ness centrality) were calculated using Network Analyzer v.2.7
in Cytoscape plugin (Kohl et al., 2011) (Supplementary Table
1, 2).

Quantitative RT-PCR

Real-time PCR was performed on cDNA samples by using
iQ™ SYBR Green Supermix and the MiniOpticon Real-time
PCR system (Bio-Rad, Hercules, CA, USA). Primers were
supplied by Bioneer (Daejeon, Korea) and are detailed in Ta-
ble 1. The protocols used were as follows: denaturation (95°C
for 10 min), 44 amplification cycles (94°C for 20 s, 60°C for 20
s, 72°C for 20 s), melting (from 55°C to 95°C, 5°C increment
for 5 s) and data acquisition. The analysis was conducted us-
ing sequence detection software (Bio-Rad CFX Manager 2.1,
Bio-Rad) supplied with the instrument. For each sample, delta
delta Threshold Cycle (ddCT) (crossing point) values were
calculated by subtracting the cycle threshold (Ct) of GAPDH
genes from that of the target gene. Gene expressions were
derived using the 24t equation, and changes in gene expres-
sions are expressed relative to basal levels.

Statistical analysis

The significant differences between the control and DAB-
treated groups were assessed using Student’s t-test. All analy-
ses were done in GraphPad Prism 8.1 (GraphPad Software,
Inc., San Diego, CA, USA). Differences between groups were
considered statistically significant for p<0.05.

RESULTS

Detection of DAB-induced changes in gene expressions in
young and old rats

The genome-wide mRNA expression profiles of young and
old rats treated with vehicle or DAB were compared using EB-
seq results. DAB treatment resulted in the up- and down-regu-
lations of 490 and 113 genes, respectively, in old rats when an
expressional change cut-off of 22-fold was applied, and in the
up- and down-regulations of 82 and 276 genes, respectively,
in young rats (Fig. 1A). Only 41 of these DEGs overlapped in
old and young rats (Fig. 1B). In which, 12 genes were upregu-
lated and 7 genes were downregulated in both old and young
rats (Table 2). To view overall gene expression changes, the
distribution of mMRNA expression of each group was shown
in Fig. 1C. Overall, DAB-induced responses in rats varied by
age; old rats were more affected than young rats in terms of
both gene expression levels and numbers.
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Fig. 1. Genes differentially expressed in old and young rats. Differ-
entially expressed genes were filtered at p<0.01 and fold change
22. (A) 490 up- and 113 down-regulated genes were identified in
old rats and 82 up- and 276 down-regulated genes in young rats.
(B) Number of genes overlapped between the two groups. (C) Dis-
tribution of MRNA expressions in the study groups.

Gene set enrichment analysis of up- and down-regulated
genes

To classify DEGs, we analyzed the biological pathways of
genes differentially expressed after DAB treatment using IPA
software. In old rats, the genes of 111 pathways were sig-
nificantly upregulated, while the genes of 4 pathways were
significantly downregulated (filtered at p<0.01; Table 3A). In
young rats, the genes of 25 pathways were upregulated and
the genes of 6 pathways were downregulated (filtered at p<
0.01; Table 3B).

In old rats, immune-related pathways such as dendritic cell
maturation, the Triggering Receptor Expressed on Myeloid
Cells (TREM1) pathway, T and B cell signaling pathways, com-
plement system, and cytokine signaling were upregulated.
TREM1 is known to play important roles in innate immune re-
sponses, such as in the activation of inflammatory responses,
and contributes to septic shock response to microbial-mediat-
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Table 2. Genes that are either up-regulated or down-regulated in both young and old rats

Fold change
Gene Description
Young Oold
Up LOC100911186 Enoyl-CoA hydratase, mitochondrial-like 22898.08 4.19
PNPLA2 Patatin-like phospholipase domain containing 2 16619.56 17499.59
FAM50A Family with sequence similarity 50, member A 13310.83 6.80
SPATC1L Spermatogenesis and centriole associated 1-like 5155.26 7150.47
INTS1 Integrator complex subunit 1 2739.23 3.86
AFM Afamin 6.54 10.15
TUBA1C Tubulin, alpha 1C 3.85 3.63
KNG1L1 Kininogen 1-like 1 3.84 2.34
ALB Albumin 3.52 2.10
MFF Mitochondrial fission factor 2.68 4.50
AABR07065493.1 Uncharacterized protein 2.62 4393.26
LOC100911833 Murinoglobulin-2-like 2.46 2.23
Down UBE2B Ubiquitin-conjugating enzyme E2B —2743.23 -3168.48
VKORC1L1 Vitamin K epoxide reductase complex, subunit 1-like 1 —1884.63 —1909.02
LRRC23 Leucine rich repeat containing 23 —1366.03 -1292.31
AC106663.1 —-343.69 -2.49
AABR07059639.1 -6.22 -2.15
GPR88 G-protein coupled receptor 88 -2.79 -2.12
ANKRA2 Ankyrin repeat, family A (RFXANK-like), 2 -2.45 -2.02

ed infections (Colonna and Facchetti, 2003).

In young rats, up-regulated pathways mainly were related
to metabolism and detoxication e.g., activation of farnesoid X
receptor/ retinoid X receptor (FXR/RXR), liver X receptor/reti-
noid X receptor (LXR/RXR), chemical degradation pathways,
and xenobiotic metabolism signaling pathways. Some inflam-
mation and oxidative stress-related pathways, including acute
phase response signaling, IL-12 signaling, and production in
macrophages, production of nitric oxide and reactive oxygen
species, were upregulated both in young and old rats.

Protein network prediction and inflammation-related
proteins

Protein networks were constructed for the 584 up- and 862
down-regulated proteins in old rats (Fig. 2), and 326 up- and
121 down-regulated proteins in young rats (Fig. 3). Node size
indicates betweenness centrality.

Inflammation-related genes were induced by DAB in old rats
more than young rats. Protein network in old rats shows that
DAB mainly affected inflammation-associated proteins such
as tumor necrosis factor (TNF), spleen tyrosine kinase (SYK),
tyrosine-protein kinase (LYN), tyrosine-protein phosphatase
non-receptor type 6 (PTPN6), and Ras-related C3 botulinum
toxin substrate 2 (RAC2). Whereas DAB mainly affected xeno-
biotic metabolism-related proteins such as CYP4, CYP1, and
UDP-glucuronosyl transferases (UGT) in young rats.

RT-PCR results: Inflammation and neurotoxicity in old rats

The TREM signaling pathway was upregulated in old rats.
This pathway is responsible for amplifying or attenuating TLR-
induced signals, and thus, plays important roles in inflamma-
tory response (Fig. 4).

To confirm the DEGs identified by RNA-seq, we selected
9 genes involved in TREM signaling based on pathway re-
sults (Fig. 2A) and examined their relative gene expressions
by RT-PCR. Fold change values are shown in Fig. 5. The re-
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sult obtained showed that the expressions of all 9 genes were
increased by DAB in both young and old rats. However, sig-
nificant fold increases were observed in old rats, which con-
curred with RNA-seq results, whereas inconsistencies were
observed RNA-seq and RT-PCR results in young rats. A com-
parison of relative fold changes between RNA-seq and RT-
PCR results with respect to TREM signaling genes is shown
in Fig. 6. DEG results showed 11 TREM1 signaling genes
(TREML1, TLR-4, C3, C5aR1, C5aR2, TYROBP (DAP-12),
Casp1, IL-1B, NF-kB1, NF-xkB2, iNOS) were up-regulated in
old rats, whereas in young rats only C3, IL-1p, and iINOS were
up-regulated, TREML1, TLR-4, Casp1, NF-kB2 were down-
regulated, and the expressions of C5aR1, C5aR2, DAP-12
were not presented.

DISCUSSION

Organic solvents can have neurological impacts after short-
(Wood and Liossi, 2005) or long-term exposure (Berr et al.,
2010), and many studies have reported on the susceptibilities
of men, women, pregnant women, and children to organic sol-
vent exposure (Costet et al., 2018; Oliveira et al., 2018). How-
ever, the susceptibility of older people to xenobiotics, espe-
cially organic solvents, has not been as seriously addressed.

Our transcriptome analysis using RNA-seq showed that
DAB had different effects on young and old rats. In particular,
inflammation and ROS-related pathways were highly up-reg-
ulated in old rats. Pathway analysis showed gene expression
changes well-matched those caused by the bacterial endo-
toxin lipopolysaccharide (LPS). LPS is a typical inflammatory
model, microglial regulation and NF-kB involvement are com-
ponents of LPS-induced inflammation(Dresselhaus and Mef-
fert, 2019). Furthermore, the neurotoxic effects of LPS have
been reported to be due to its inflammatory effects on nigral
dopaminergic neurons (Dutta et al., 2008).
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Table 3. Pathways significantly influenced by DAB (filtered at p<0.01). 111 and 4 pathways were up- or down-regulated in old rats (A), while 25 and 6

pathways were up- or down-regulated young rats (B)

A
Ingenuity canonical pathways p-value Ratio Molecules
Up Dendritic cell maturation 5.01E-21  1.73E-01 PIK3R6, MYD88, HLA-DQA1, FCGR1A, PIK3RS5, TLR9,
FCER1G, CD40,TLR4, LOC100909593/RT1-DMa, IRF8,
LOC100909630/RT1-DMb, STAT1, TYROBP, HLA-DRBS5,
TLR2, CD86, HLA-DOA, IL1B,HLA-DQB1, TNFRSF1B, CO-
L1A2, B2M, HLA-DRA, FCGR2A, PIK3CG, HLA-A, FCGR2B,
TLRS3, IL1A, FCGR3A/FCGR3B
TREM1 signaling 7.94E-18 2.67E-01 TLR7,MYD88, IL1B, CASP1, TLR9, CD40, Naip1 (includes
others), TLR4, LAT2, FCGR2B, TLR3, NLRP3, TYROBP, CCL2,
Nirp1a, TLR10, TLR2, CD86, NLRC4, CIITA
Role of pattern recognition 3.16E-15 1.73E-01 PIK3R6, TLR7, C3, MYDS88, IL1B, C1QB, OAS2, PIK3R5,
receptors in recognition of CASP1, TLR9, C3AR1, C1QA, PIK3CG, TLR4, C1QC, SYK,
bacteria and viruses TLR3, C5AR1, NLRP3, IL1A, TLR2, NLRC4
Complement system 2.51E-12 3.24E-01 ITGAM, C1QC, C4A/C4B, C2,C3, C5AR1, C1QB, ITGB2, SERP-
ING1, CFH, C3AR1, C1QA
NF-«B signaling 8.70E-10 1.1E-01 TNFSF13B, PIK3R6, TLR7, MYD88, IL1B, TNFRSF1B, PIK3R5,
TLR9, FCER1G, CD40, PIK3CG, TLR4, CARD11, TLR3,
MAP3K1, IL1A, TLR10, TLR2, CASP8
Toll-like receptor signaling 1.35E-06 1.35E-01 TLR4, TLR7, MYD88, IL1B, TLR3, MAP3K1, IL1A, TLR9, TLR10, TLR2
Granulocyte adhesion and 7.70E-06  7.91E-02 IL1RL1, ITGAM, ITGAL, IL1B, CXCL10, TNFRSF1B,
diapedesis CSF3R,ITGB2, CXCL17, C5AR1, CXCL13, CCL2, IL1A,
CXCL16, ADCY4, MYD88, ADCY7, MAP3K1, IL1A, GNA15
IL-1 signaling 7.76E-03 6.59E-02 ADCY4, MYD88, ADCY7, MAP3K1, IL1A, GNA15
iNOS signaling 9.55E-03 9.09E-02 TLR4, IRF1, MYD88, STAT1
etc.
Down IL-17 signaling 2.14E-03 4.17E-02 PTGS2, TIMP1, MUC5B
TGF-B signaling 3.71E-03 3.45E-02 INHBA, ACVR1C, PMEPA1
Anandamide degradation 7.08E-03 5E-01 FAAH
Inhibition of matrix metalloproteases 8.51E-03  5.13E-02 MMP9, TIMP1
B
Ingenuity canonical pathways p-value Ratio Molecules
Up FXR/RXR activation 1.32E-10 7.09E-02 GC, APOB, APOA1, FETUB, SERPINA1, HPX, SULT2A1, AMBP, ALB
LXR/RXR activation 2.63E-09 6.61E-02 GC, APOB, APOA1, SERPINA1, HPX, AMBP, ECHS1, ALB
Acute phase response signaling 6.76E-07 4.14E-02 FGB, APOA1, SERPINA1, HPX, AMBP, ALB, FGG
Nicotine degradation IlI 2.00E-05 7.41E-02 UGT2B7, CYP3A5, CYP2C19, CYP1B1
Melatonin degradation | 2.51E-05 7.02E-02 UGT2B7, CYP3A5, CYP2C19, CYP1B1
Superpathway of melatonin degradation 2.51E-05 6.45E-02 UGT2B7, CYP3A5, CYP2C19, CYP1B1
Nicotine degradation I 3.72E-05 6.35E-02 UGT2B7, CYP3A5, CYP2C19, CYP1B1
Bupropion degradation 5.50E-05 1.2E-01 CYP3A5, CYP2C19, CYP1B1
Acetone degradation | 6.92E-05 1.11E-01 CYP3A5, CYP2C19, CYP1B1
(to methylglyoxal)
etc.
Down Hepatic fibrosis / hepatic stellate 8.13E-04 4.37E-02 MYHS3, COL8A2, FGF1, MMP2, COL28A1, TGFBR1, COL8A1, IGF2
cell activation
Leukocyte extravasation signaling 5.50E-03 3.54E-02 ARHGAP6, MMP2, CLDN3, ARHGAP8/PRR5-ARHGAPS,
MAPK13, CLDN2, MMP14
G-protein coupled receptor signaling 5.46E-03 3.12E-02 DRD1, DRD2, CAMK2D, HTR2C, ADRA2A, GRM8, RGS4, NPR3
Inhibition of matrix metalloproteases 8.32E-03 7.69E-02 MMP2, THBS2, MMP14
cAMP-mediated signaling 9.33E-03 3.2E-02 DRD1, DRD2, CAMK2D, ADRA2A, GRM8, RGS4, NPR3
Gai signaling 9.33E-03 4.17E-02 DRD2, ADRA2A, GRM8, RGS4, NPR3

Enrichment ratio is calculated by the number of genes from the list that maps to the pathway divides to the total number of genes that map
to the same pathway.

403

www.biomolther.org



Biomol Ther 29(4), 399-409 (2021)

[FTRE)

- ”'A\\%“@g-;-{b‘\' L YU %
=y, - = : — J WS ﬁ,"\\ | 2R
Z 7, S\ e\ ///\/4’/ by

e

TD_CouD D — e X o g Ty B> — FRL
Mﬁi‘@ P TNy }vwﬁ“ﬁ.“{m
ﬁl"l‘;“. _ A"‘{‘é‘s‘ﬂb:——.‘./—-—\\ NS .'.\&%/, A/"’/l“/ \
e AL L Y/

= A

TERSEM
e NS SRR S e i A\
s ' RS ™ /) SN\
2 S = QD) o VAN TN o= FGRY TN
i A %{?‘{% ?}: 2?_4‘ a ;\Vs’:‘\ef\\wyll\'" \‘\"" D) oD " Rch
MY D88 S 1) S & N8 A NN EANTET T
\'@ e _~x“:¢ \@zi / ‘3"’} 08 .\’.j‘ﬁv’...l XX ‘\‘ mﬁ‘&%\\"m
@S ‘&’@Q’VV N TSN SRR \“@5 \\\’\\‘?\\-/‘
(072 — T ‘\" "", 0’/,& ‘ LR i ,-“‘\--'A-me \\‘\\\\‘\"}T‘{w
& NP> Y
= < el
'5 \um/@gm AR
TR IR

ARREGIB

O Inflammation related genes

Fig. 2. Protein-protein interaction (PPI) network of genes differentially expressed by DAB in old rats. (A) Upregulated genes (red) and
downregulated genes (green) on the PPI network, (B) Inflammation related genes (yellow) on the PPI network.

Previously we reported DAB causes tau hyperphosphory- tion is positively related with tau levels in Alzheimer’s disease
lation (Kang et al., 2017). In this study, we also found DAB- (Jiang et al., 2019).
induced an LPS-like pathway in old rats and altered TREM We confirmed RNA-seq DEG results using RT-PCR.
pathway-related inflammatory response in RNA-seq. TREM1 TREM-1 signaling via phosphorylation regulates IL-1 beta,
is an inflammation-related protein and its plasma concentra- NF-kB, TNF-alpha, and inflammatory cytokines (Colonna and
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22T
NP

O Stimulus response genes

Fig. 3. PPI network of genes differentially expressed by DAB in young rats. (A) Upregulated genes (red) and downregulated genes (green)
on the PPI network, (B) Stimulus response genes (yellow) on the PPI network.

Facchetti, 2003). Furthermore, we confirmed the TREM-1
pathway downstream protein, transmembrane adaptor protein
DAP12 is an important contributor to inflammatory response
(Tessarz and Cerwenka, 2008). In the present study, RT- PCR
(Fig. 5) showed old rats exhibited greater gene expressional
changes than young rats, and TREM1 was up-regulated by 3.5
and 1.3-fold in old and young rats, respectively. Some other
TREM1-related genes, including TLR-4, C3a, C5a, DAP-12,
Casp1, IL-1B, and NF-«xB, also showed higher fold changes

in old rats. In young rats as well as smaller fold-changes RT-
PCR results were not in-line with RNA-seq results.

Toll-like receptors (TLRs) are a component of the innate
immune system and recognize xenobiotics by acting as pat-
tern recognition receptors. In brain, TLR-4 expression on the
surfaces of microglia is a characteristic of neurodegenerative
diseases such as AD, Multiple sclerosis, Parkinson’s disease,
amyotrophic lateral sclerosis (Fiebich et al., 2018). Microglia
activation results in the inductions of inflammatory cytokines
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Fig. 4. Influences of DAB or LPS on the TREM1 signaling pathway. DAB/LPS activates TREM1 and initiates the classical pathway of com-
plement activation. TREM1 interacts with DAP-12, activates inflammasome Casp1 and Casp5, and induces IL-1B. The activations of TLR4
and complementary components (e.g., C3a and C5a) enhance MYD88 and NF-«kB. Consequently, pro-inflammatory response induces the
nuclear transcriptions of cytokines, chemokines, and cell surface molecules.

such as TNF-alpha, IL-1 beta, and IL-6, and these expres-
sions are greater in the aged brain (Norden and Godbout,
2013), and we also observed TLR4 expression was elevated
in old rats (Fig. 6A). Furthermore, it is known that TLR4 and
MyD88-dependent signaling can stimulate the productions of
NF-kB and inflammatory cytokines (Liu et al., 2017). Our study
also found the upregulation of some other inflammation-relat-
ed pathways such as TNF, SYK, and LYN. The role of these
proteins was proven in the amyloidogenesis and tau phos-
phorylation of AD studies (Paris et al., 2014; Decourt et al.,
2017; Gwon et al., 2019). Besides, KNG1L1 (kininogen 1-like
1), which is a protein related to the kallikrein-kinin system that
participates in the inflammatory response and cytokines se-
cretion, was found up-regulated in both young and old rats.
Therefore, DAB partially induces its neurotoxicity via inflam-
mation, but more strongly in old condition.

Amyloid precursor protein (APP), presenilin 1 (PSEN1),
presenilin 2 (PSEN2), and apolipoprotein E (APOE) were re-
ported as biomarkers of AD (Kim et al., 2014). The related pro-
teins such as presenilin enhancer gamma-secretase subunit
(PSENEN) and amyloid-beta (A4) precursor protein-binding
(APBB1IP and APBAS3, which interacts with APP), were up-
regulated by DAB in old rats and suggested its association
between DAB and AD.

While xenobiotic metabolism-related proteins, cytochromes

https://doi.org/10.4062/biomolther.2020.208

P450 (CYP) - the most essential enzymes for phase | me-
tabolism, were not changed by DAB in old rats, CYP- related
proteins such as CYP4, CYP1, and UGT2 were upregulated
by DAB treatment in young rats. CYP enzymes are involved
in the phase | (modification) in the metabolism of xenobiotics,
and UGT enzymes have the function in phase Il (conjugation)
of xenobiotic metabolites in which toxic compounds are con-
jugated with glucuronic acid. CYP and UGT proteins play im-
portant roles in the detoxification of toxicants in vivo (Rowland
et al., 2013; Zanger and Schwab, 2013). Furthermore, the
activities of CYP and UGT have been reported to be subject
to age-related alterations (Vyskocilova et al., 2013). We also
observed notable upregulations of other enzymes that also
play important roles in drug metabolism such as flavine mono-
oxygenases 9 (FMO9) and glutathione S-transferases alpha 5
(GSTA5) (FCs=99.5 and 789.3 respectively).

Aging causes physiologically significant changes to coun-
teract xenobiotics. A significant reduction in liver volume re-
duces metabolic rates and the activities of some CYPs, where-
as during detoxification, reduced kidney and liver blood flow
diminish the excretion and elimination of xenobiotics and their
metabolites (Klotz, 2009). Therefore, it appears a decline in
the capacity to deal with xenobiotics during aging may under-
lie age-dependent sensitivity to DAB. We propose that instead
of using metabolism and detoxification to reduce toxicant from
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Fig. 5. RT-PCR results for DAB-induced expressional changes in the hippocampal tissues of young (Y) and old (O) rats. Fold changes
in gene expression are expressed relative to non-treated young controls. Gene expressions were significantly more altered in old rats.

*p<0.05, **p<0.01, ***p<0.001.

the body, old rats may respond to DAB via inflammation as the
biological function declines by aging. Mild inflammation state
by aging may contribute to DAB-induced toxicity in age rats
(Bektas et al., 2018).

Notably, the prolactin (a hormone secreted by the pitu-
itary gland) gene was upregulated more than any other gene
(FC=78541.55) by DEG in old rats but was downregulated in
young rats. We also found that the gene expressions of pro-
lactin receptors and dopamine receptors, which are involved
in prolactin inhibition, varied in both young and old rats, e.g.,
FC of prolactin receptor in old and young rats were 1.93 and
—95.3, respectively. It is known that prolactin plays an impor-
tant role in reproductive functions, and also acts as a cytokine,
which is involved in immune response (Fojtikova et al., 2010).
Therefore, we suggest additional studies be undertaken to de-
termine the effect of DAB on the production of prolactin by age
and gender.

Although our study reached the target to show the age-
dependent response to DAB in young and old rats’ hippocam-
pus, there were still some limitations. Firstly, the hippocam-
pus samples were divided into two parts for RNA-seq and
RT-PCR, then the RNA samples of three rats per group were
pooled to carry out RNA-seq while RT-PCR was performed on
independent samples. However, the results of RT-PCR were
consistent with RNA-seq in old rats. Secondly, our study only
showed genomic data by using RNA-seq and RT-PCR. More
studies are needed to explore the underlying mechanism of
age-dependent responses to DAB.

Summarizing, we evaluated different responses to DAB in
young and old rats by RNA-seq. TREM1 signaling upregu-

A [ DEG
[ RT-PCR

TREM1 TLR-4 C3a C5a DAP-12 Casp1 IL-1B NF-kB iNOS

B [ DEG
[ RT-PCR
6
4
2
0
-2 DAP-12 Casp1 IL-1p NF-xB iNOS
-4 )
-6
-8
-10

Fig. 6. Comparison of relative fold changes of genes involved in
the TREM pathway as determined by RNA-seq and RT-PCR in
old rats (A) and young rats (B). (1): TREMLA1. (2): C3. (3): average
FC of C5aR1 and C5aR2. (4): NF-kB2. (5): average FC of NF-kB1
and NFkB2. We confirmed 9 TREM1 signaling-related genes us-
ing real-time PCR and found that fold-changes in gene expression
as determined by RNA-seq, were consistent with real-time PCR
results in old rats. However, there are some differences between
RNA-seq and RT- PCR results were observed in young rats.
*p<0.05, **p<0.01, ***p<0.001.
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lation, which is involved in AD, was confirmed in old rats by
RT-PCR, but young rats showed inconsistent results. DAB
increased inflammation-related pathways in old rats but en-
hanced metabolism and detoxification pathways in young rats.
The above-mentioned findings indicate the toxicities of the
neurotoxic organic solvents DAB and AD involve inflammatory
response, and that this response is age dependent. The risk
factors we found in this study are related to both AD and other
neurodegenerative diseases. It is crucial to develop a preven-
tion strategy targeting the elderly population and workers at
high-risk facilities to thwart or slow down disease progression,
postpone AD onset, and reduce prevalence. Furthermore, es-
tablishing a feasible neurodegenerative disease management
system should be a government priority, in which all people
exposed to organic solvents should be monitored and con-
trolled their risk factors yearly. We believe these strategies
would effectively reduce the prevalence of neurogenerative
diseases.
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