Biological Trace Element Research (2022) 200:3762-3773
https://doi.org/10.1007/512011-021-02983-w

=

Check for
updates

Transcriptome Profiling of Duodenum Reveals the Importance
of Boron Supplementation in Modulating Immune Activities in Rats

Chunfang Zhao'? - Yujiao Han'2 - Chenfang Wang® - Man Ren'2 - Qiangian Hu'2 - Youfang Gu'? . Pengfei Ye'2 .
Shenghe Li'2 - Erhui Jin'2

Received: 1 September 2021 / Accepted: 17 October 2021 / Published online: 12 November 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

As an essential trace element, appropriate boron supplementation can promote immune function of animals. To illustrate the
effects of boron in a rat model, RNA-Seq was conducted for the RNA from duodenum after treatment with different concen-
tration of boron in which boron was given in the form of boric acid. More than 47 million reads were obtained in 0, 10, and
320 mg/L boron (0, 57.21, and 1830.66 mg/L boric acid) treatment groups that produced 58 965 402, 48 607 328, and 46
760 660 clean reads, respectively. More than 95% of the clean reads were successfully matched to the rat reference genome
and assembled to generate 32 662 transcripts. A total of 624 and 391 differentially expressed candidate genes (DEGs) were
found between 0 vs.10 and 0 vs. 320 mg/L boron comparison groups. We also identified transcription start site, transcrip-
tion terminal site, and skipped exons as the main alternative splicing events. GO annotations revealed most of DEGs were
involved in the regulation of immune activity. The DEGs were enriched in influenza A, herpes simplex infection, cytosolic
DNA-sensing pathway, and antigen processing and presentation signaling pathways. The expression levels of genes enriched
in these signaling pathways indicate that lower doses of boron could achieve better effects on promoting immune response
in the duodenum. These effects on the immune system appear to be mediated via altering the expression patterns of genes
involved in the related signaling pathways in a dose-dependent pattern. These data provide more insights into the molecular
mechanisms of immune regulation in rats in response to dietary boron treatment.
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Introduction

Boron is a bioactive micronutrient and human bodies can
obtain it primarily from fruits, vegetables, legumes, nuts and
drinking water. It is widely used in healthcare, industry, agri-
culture and cosmetics [1-3]. Boron shows pleiotropic effects
and plays various roles in bone development, osteoarthritis,
osteoporosis, central nervous system, cell membrane integ-
rity and function, metabolism of minerals, immune regula-
tion, and endocrine regulation [4-8].

The biological effects of boron are dose-dependent but
exhibit a U-shaped response pattern, rendering it necessary
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to confirm its active range [9]. It is shown that low doses of
boron (3 and 10 mg/day) in humans facilitates kidney stone
dissolution and prevents stone formation. However, higher
doses of boron could not protect rats against nephrolithi-
asis [9]. In African ostrich chicks, low level of boron (up to
160 mg) inhibits cell apoptosis, and enhances the activity
of antioxidant system to promote the development of the
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kidney whilst high levels of boron (320 or 640 mg) obvi-
ously affected the development of the kidney [10]. Higher
concentration of boron activates the general amino acid
control system and inhibits protein synthesis [11]. Borates
inhibited the proliferation of cancer cells, in that they could
bind to the site of the ryanodine receptor, which resulted in
Ca** channel inactivation. In three hours after the physiolog-
ical addition of boric acid, the lower concentration of Ca%*
induced the phosphorylation of eIF2a following the activa-
tion of ATF4 pathway which reconfigured gene expression
to make cells manage stress conditions [12, 13].

More recently, there has been an increasing number of
studies examining the effects of boron supplementation on
immune functions in a range of farm animal and other spe-
cies [14]. In growing beef steers, supplementation of the diet
with boron has limited effects on humoral immune func-
tion [15]. Boron supplementation restores humoral immune
response which was caused by low levels of Ca in the diet
in lambs [16]. Xiao et al. (2019) verified boron modulates
immune response via calcium and MAPK signaling path-
ways in the thymus of ostrich chicks [17].

The intestine represents the largest compartment of
the immune system [18]. The immune system of intestine
plays an important role in maintaining the balance between
defense, tolerance, and tissue repair [18-20]. It is reported
that normal mucosal T-cell function and cytokine production
is necessary for physiologic growth and maturation of the
intestine [21, 22]. It remains obscure whether boron could
modulate immunity and other functions in the intestine.

In this study, to further elucidate the effects of boron in
rats’ intestine, we examined genome-wide expression profile
of the duodenum using transcriptome sequencing analysis
after supplemented with low or high levels of boron. Our
transcriptome analysis included the assembly of sequencing
data, the identification of differentially expressed genes and
their function, as well as the classification and enrichment
of gene function.

Methods
Experimental Animals

The specific pathogen free (SPF) 23-day-old male Sprague
Dawley (SD) rats (weight 53 +2 g, lot No.: SCXK Zhe
2014-001) were purchased from the Qinglongshan experi-
mental animal breeding farm, Jiangning District, Nanjing,
China. The use of all experimental animals was reviewed
and approved by the Anhui Laboratory Animal Care Com-
mittee. All animal experimental procedures were performed
in strict accordance with the Guide for Laboratory Animal
Care and Use and complied with the Guide for National
Laboratory Animal Healthcare and Use.

Experimental Design and Animal Diet

36 23-day-old weighting 53 +2 g male SD rats were ran-
domly divided into a control group and two test groups
(n=12 each). The control group (NC) was given distilled
water, while the experimental groups were given drinking
water supplemented with different concentration of boron.
The boric acid (Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China; purity >99.5 g boron acid/g, boron con-
tent> 17.4 g boron/100 g boron acid) was used as an alterna-
tive to adding boron directly in the drinking water. The addi-
tion concentration of boron is 10 mg/L and 320 mg/L, which
actually means adding 57.21 mg/L (10 mg/L boron/0.1748)
and 1830.66 mg/L (320 mg/L boron/0.1748) boric acid in
the drinking water, respectively. The period of the experi-
ment was 60 days. Animals were housed in individual venti-
lated cages in the SPF Experimental Animal Center of Anhui
Science and Technology University, at 24-28 °C, 50-65%
humidity, a 12: 12 light/dark cycle, and had free access to
food and water. During the experimental period, the water
and food intake of rats were recorded. The rat feed was pur-
chased from the Qinglongshan breeding farm. The main
nutritional level of the feed was crude protein > 18.15%,
crude fat >4.03%, crude fiber >5.12%, crude ash >7.94%,
1.43% of calcium, 0.87% of phosphorus, and 1.96 mg/kg
of boron.

Sample Collection and Preparation

Three rats from each group were anesthetized with the anes-
thetic breathing system (ABS), in which 4-5% isoflurane
was used to induce anesthesia followed by 1-2% for main-
tenance post-60 days of experimental period. The rats were
bled to death via cardiac puncture, and the duodenum was
immediately harvested and stored in RNAfixer (BioTeke Co.,
Ltd, Beijing, China) at 4 °C overnight and then transferred
to — 80 °C until RNA isolation.

RNA Sequencing

Total RNA was extracted from each sample using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s protocol. After isolation, the quality of total
RNA was checked by examining its purity and integrity. The
high-quality RNA samples were selected for library con-
struction. The amount of total RNA for each sample should
be up to 1 ug.

The sequencing libraries were prepared by the TruseqTM
RNA sample prep Kit (Illumina, San Diego, CA) follow-
ing the manufacturer’s guidelines. Briefly, the mRNA was
purified from the total RNA using poly-T oligo-attached
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magnetic beads (Invitrogen, USA) to pull down the poly-A
mRNA and then randomly cleaved into ~ 200 bp short frag-
ments with fragmentation buffer. The fragmented mRNAs
were used as templates to synthesize the first strand cDNA
by reverse transcriptase and random hexamers, and then
the second strand cDNA was subsequently synthesized to
form stable double-stranded structure. The double-stranded
DNA fragment was made into the blunt end with End Repair
Mix and then adenylated which ligated to the adaptor. The
PCR was performed to amplify the library by 15 cycles. The
PCR product was purified using Certified Low Range Ultra
Agarose (Bio-Rad). The library quality was measured by a
Agilent 2100 Bioanalyzer and the library was quantified by
TBS380 Picogreen (Invitrogen, USA). The clustering of the
index-coded samples was performed on a cBot Cluster Gen-
eration System using HiSeq 4000 PE Cluster Kit (Illumia)
according to the manufacturer’s instructions. Then the librar-
ies were sequenced on the Illumina sequencing platform
(Hiseq 4000) and 150 bp paired-end reads were generated.

Quality Control and Transcriptome Assembly

Raw sequence reads containing adapter sequences, reads
below a threshold quality of 20, reads containing more than
10% of “N” base in one single end, reads shorter than 50 bp
in length as well as the sequencing primer from the raw
data were removed to produce clean reads [23]. All of the
subsequent analyses and annotation were carried out using
clean reads with high quality. Clean reads were aligned to
the reference genome (Rnor_6.0) by Hisat2. The alterna-
tive splicing was analyzed by ASprofile [24]. Overall quality
of the transcriptome was assessed by RSeQC-2.6.3 (http://
rseqc.sourceforge.net/). All aligned reads were assembled
for differentially expressed analysis. The gene abundance
was estimated by fragments per kilobase of transcript per
million mapped reads (FPKM) using RSEM (http://www.
biomedsearch.com/nih/RSEM-accurate-transcript-quantifica
tion-from/21816040.html). Differential expression analysis
between two groups was processed using edgeR (http://
www.bioconductor.org/packages/2.12/bioc/html/edgeR.
html) [25, 26]. Genes with FDR <0.05 and fold-change >?2
or <0.5 were considered differentially expressed [27, 28].

GO Annotation and KEGG Pathway Analysis

Gene ontology (GO) analysis was conducted to illustrate
the biological implications of DEGs between the control
group and boron-treated group by the Goatools software
(https://github.com/tanghaibao/GOatools) [29]. DEGs at
P-value < 0.05 and fold-change >2 or <0.5 were regarded
as significantly enriched. Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/) database
was used to elucidate the potential biological pathways of
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DEGs by the KOBAS software (http://kobas.cbi.pku.edu.cn/
home.do) (corrected P-value <0.05) [30, 31].

Quantitative Real-Time PCR Confirmation of DEGs

The qRT-PCR was performed to evaluate the expression
level of 8 randomly selected genes. Total RNA was reverse
transcribed by EasyScript First-Strand cDNA Synthesis
SuperMix (TransGen, Beijing, China) for gene detection.
Specific primers of each gene were designed by the Primer
Premier 5.0 and the sequences of the primers are listed in
Supplementary Table S4. Real-time PCR reactions were per-
formed by Power SYBR Green PCR Master Mix with the
ABI 7500 system. The relative expression level of genes was
calculated with reference to expression of GAPDH gene. All
experiments were performed in triplicates for each biologi-
cal repeat. The results are described as fold change deter-
mined by the 2722 method. The data are expressed as the
mean =+ standard error (SE).

Results
Global Overview of Transcriptome Sequencing

To globally decipher the effect of boron on the function of
the duodenum in rats, we performed transcriptome sequenc-
ing after boron supplementation (at 0, 10, 320 mg/L) using
the Illumina HiSeq 4000 platform. Three treatment groups
with boron concentration of 0, 10, 320 mg/L were referred
to negative control (NC), B10, and B320 groups. After
removing sequencing adaptors and low-quality reads from
raw data, approximately 59, 49 and 47 million clean reads
were obtained for further analysis for the NC, B10, and B320
groups (Q20> = ~97%). These clean reads were then used
for aligning to the rat reference genome. According to the
mapping results, approximately 95% of the clean reads were
successfully mapped to the rat genome (Table 1). The CG
content of each treatment group was all almost 50%. The
details of sequencing data quality and mapping statistics are
presented in Table 1. All of the mapped reads were further
assembled into 32, 662 transcripts. Results suggested that
the data of transcriptome sequencing was of sufficient qual-
ity for further biological analysis to analyze gene expression
patterns.

Variation in Gene Expression Among Three
Treatment Groups

Through comparison of the transcriptome data from three
different treatment groups, 624, 391 and 100 differentially
expressed genes (DEGs) were screened out (false discov-
ery rate <0.05, and fold-change >?2 or <0.5) (Table S1) for
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Table 1 Statistics for RNA sequence quality and alignment information

Sample Raw reads Clean reads Error (%) Q20 (%) GC contents (%) Mapped reads Mapping rate (%)
NC 61,558, 154 58, 965, 402 0.0144 97.39 49.53 56,317,771 95.51

B10 49, 462, 230 48, 607, 328 0.0144 97.44 50.41 46, 313, 640 95.28

B320 47, 654, 358 46, 760, 660 0.0147 97.32 50.30 44, 624, 622 95.43

NC, negative control; error rate, error rate of base; 020, the percentage of bases with more than 20 Phred to the total of bases; mapping rate

(%) = (mapped reads / clean reads)*100

the comparison among the NC vs. B10, NC vs. B320 and
B10 vs. B320 groups respectively. The fold changes induced
by dietary supplementation with different concentration of
boron ranged from — 8.13 to 9.14. Sample clustering analysis
based on Pearson correlation coefficients showed there were
high correlations (0.987-1.000) among samples in different
treatment groups (Fig. S1) with greater similarity between
the B10 and B320 groups. There were 455 upregulated and
169 downregulated genes in the 10 mg/L boron treatment
group compared with control group, 316 upregulated and
75 downregulated genes in the 320 mg/L boron treatment
group compared with control group as well as 53 upregu-
lated and 47 downregulated genes in the 320 mg/L boron
treatment group compared with 10 mg/L boron treatment
group (Fig. 1A-C). There were 346, 125 and 10 specific
DEGs in NC vs. B10, NC vs. B320 and B10 vs. B320 com-
parison groups, respectively (Fig. 1D). Samples between
B10 and B320 groups showed some similar expression
pattern (Fig. S1). The results of expression pattern showed
that 777 DEGs in both NC vs. B10 and NC vs. B320 com-
parison groups were classified into 10 profiles, of which 702
genes were mostly clustered into two profiles using Short
Time-series Expression Miner software (STEM) (Fig. 2A)
[32]. Profiles 1 and 3 revealed significant clustering trends
(Fig. 2B, C). Profiles 1 and 3 contained 177 and 525 DEGs
respectively. The expression level of genes in the profile 1
firstly decreased and then increased slightly while the con-
centrations of boron increased. The expression level of genes
in the profile 3 initially increased and then decreased slightly
followed by the increasing concentration of boron.

Functional Annotation and Classification of DEGs

Gene Ontology (GO) could provide genes and their prod-
ucts with biological annotation in a wide variety of organ-
isms [29]. The DEGs were used to conduct GO annotation
analysis according to three categories including biological
process, cellular component, and molecular function in
different comparison groups (Fig. 3) [3]. A total of 624
genes between 0 and 10 mg/L of boron treatment groups
were allocated to three primary GO categories, which were
subsequently assigned to 60 functional terms (Fig. 3A,
Table S2). The total upregulated genes were mainly

related to cellular process (310), cell (309), cell part (309),
single-organism process (302), and binding (300). The
total downregulated genes were mostly related to single-
organism process (122), cell (114), cell part (113), cellular
process (112), and binding (107). A total of 391 genes
between 0 and 320 mg/L of boron treatment groups were
assigned to 59 functional terms (Fig. 3B, Table S2). The
total upregulated genes were also related to cell (215), cell
part (215), cellular process (214), single-organism process
(210), and binding (203). The total downregulated genes
were mainly related to metabolic process (54), binding
(52), single-organism process (49), cellular process (48),
cell part (44), and cell (44). A total of 100 genes between
10 and 320 mg/L of boron treatment groups were allocated
to 52 functional terms (Fig. S3, Table S2).

GO Enrichment and KEGG Pathway Analysis of DEGs

We performed GO enrichment analysis to decipher the
major functional categories represented in these DEGs.
Of these categories, most DEGs were enriched in the
“biological process” category (Fig. 4, Table S3), in
which response to virus, defense response to virus, innate
immune response, and cellular response to interferon-beta
were the most primary subcategories. As for the “cellular
component” category, most DEGs were assigned to extra-
cellular space, external side of plasma membrane, brush
border membrane, and cell surface. Within the “molecu-
lar function” category, the mainly enriched subcategories
were double-stranded RNA binding, 2'-5'-oligoadenylate
synthetase activity, zinc ion binding, and peptide antigen
binding. The following genes participate in the above GO
terms: Mx2, Rsad2, RT1-T24-3, Ifit3, Aim2, Oasli, Car4,
RT1-Bb, and RT1-Ba.

These DEGs were also used for the KEGG pathway
analysis (Fig. 5, Table S3). The top 15 KEGG pathways
with the highest representation of the DEGs were shown
in Fig. 5. The DEGs were enriched in the main pathways
including influenza A (ko05164), herpes simplex infection
(ko05168), cytosolic DNA-sensing pathway (ko04623),
and antigen processing and presentation (ko04612).
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Fig.1 Profiles of differentially expressed genes (DEGs) after treat-
ment with different concentration of boron. Scatter plot of 624 DEGs
between 0 and 10 mg/L boron treatment groups (A), 391 DEGs
between 0 and 320 mg/L boron treatment groups (B) and 100 DEGs
between 10 and 320 mg/L boron treatment groups (C). Red dots rep-
resent extremely significantly upregulated genes (FDR <0.01, fold
change>2); yellow dots represent significantly upregulated genes

Confirmation of Gene Expression with Quantitative
RT-PCR

To confirm the differentially expressed genes of duodenum
between control and treatment groups obtained by RNA-Seq,
eight differential expressed genes were randomly selected
and their expression patterns were quantified by qRT-PCR.
The results by qRT-PCR were consistent with that of RNA-
Seq. The qRT-PCR results showed the similar down- or
upregulated trend in the expression of these genes (Fig. 6).
Overall, the validation of eight randomly selected genes by
gRT-PCR confirmed the accuracy of the results of RNA-Seq.
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B10 vs. B320

(FDR <0.05, fold change>2); wathet dots represent significantly
downregulated genes (FDR <0.05, fold change <0.5); mazarine dots
represent extremely significantly downregulated genes (FDR <0.01,
fold change <0.5); black dots represent insignificantly DEGs. (D)
Venn plot of DEGs among 0, 10 and 320 mg/L boron treatment
groups

Alternative Splicing Analysis of Transcriptome
Sequencing

Alternative splicing (AS) plays an important role in generat-
ing the protein diversity and complexity of gene expression
regulation in higher organisms. In this study, we conducted
AS analysis based on RNA-seq data. We identified there
were 47 966, 45 151 and 44 555 AS events in NC, B10 and
B320 groups respectively. There was no obvious change in
AS after treatment with different concentration of boron.
TSS, TTS, and SKIP accounted for the major types among
the twelve known types of AS (Fig. S3).
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Fig.4 GO Ontology (GO) analysis of DEGs after treatment with
different concentration of boron. A. GO analysis of DEGs between
0 and 10 mg/L boron treatment groups. B. GO analysis of DEGs

Discussion

Our previous studies have found that addition of boron
could promote the development and improve the immune
capacity of main immune organs in rats and broilers [33,
34]. In the spleen, supplementation of 0.4 mmol/L boron
accelerated the proliferation of spleen lymphocytes, while
addition of 40 mmol/L boron had inhibitory effect [2]. Fur-
thermore, addition of lower concentrations of boron (10, 20,
or 40 mg/L) to drinking water increased IgG in the serum,
lymphocyte proliferation and immune function, while
high concentration above 320 mg/L had the inhibitory or
toxic effect [35, 36]. In the thymus, lower doses of boron
(10 and 20 mg/L) elevated the production of IL-2, IL-4,
IFN-y, and the number of proliferating cell nuclear antigen
(PCNA) positive cells, while higher doses above 480 mg/L
induced the production of pro-inflammatory cytokines to
produce inhibitory effects [37]. Supplementation of boron
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between 0 and 320 mg/L boron treatment groups. * means GO cat-
egories with significant enrichment

(<100 mg/L) could improve the growth of immune organs
in Gushi chickens [34].

It is reported that lower doses of boron could improve
the microstructure and function of duodenum, while higher
doses of boron have an inhibitory or even toxic effect in rats.
Lower doses of boron increased the number of intraepithe-
lial lymphocytes (IELs) and goblet cells, the expression of
secretory IgA, tight junction proteins Zonula occludens-1
and occludin, and PCNA in duodenum of rats [38]. These
results indicated that appropriate amount of boron improves
immune function in the duodenum and this provided the sci-
entific rationale for this study to further analyze the underly-
ing mechanism involved.

There were fewer DEGs enriched in NC vs. B320 and
B10 vs. B320 comparison groups compared with NC vs.
B10 comparison groups. Eight of the differentially expressed
genes identified by RNA-Seq were randomly selected and
validated by qRT-PCR. The expression trends of these genes
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were similar to the results obtained from the transcriptome
data, and it implicated that the quality of sequencing data is
accurate and credible.

The DEGs among three treatment groups were enriched
in influenza A, herpes simplex infection, and cytosolic
DNA-sensing pathway. Moreover, genes RIG-I and IRF7
were shared in these signal pathways, in which both genes
were upregulated in the B10 group but decreased in the
B320 group with the increasing boron concentrations. RIG-I
is involved in viral double-stranded RNA recognition, posi-
tive regulation of cytokine production, and the regulation of
immune response. RIG-I can maintain intestinal IELs via
a type I interferon-independent, MAVS-IRF1-IL-15 axis-
dependent manner [39]. RIG-I and MDAS can sense viral
dsRNA to activate the RIG-I-like receptor signaling path-
way. During viral infection, RIG-I-like receptors recognize
and combine with pathogen-associated molecular patterns
(PAMPs), in which their interaction induces the expression
of interferon regulatory transcription factor IRF3/7. The
induction of IRFs benefits the secretion of type I IFN. Type
I IFN secreted by infected cells acts in an autocrine and par-
acrine manner, leading to the expression of IFN stimulated
genes to inhibit viral infection [40, 41]. Moreover, STAT1
and STAT? proteins mediated type I and type II IFN (IFN-vy)
signaling. The both proteins form heterotrimeric complex
known as ISGF3 to associate with IFN regulatory factor 9
(IRF9) [42, 43], which results in the production of antivi-
ral proteins MxA in the B10 group involved in the defense
against viral infection. ISGF3 promotes the type I IFN-
induced transcriptional activation, which acts as a primary
defensive barrier for virus infection and promotes the activa-
tion of innate and adaptive antiviral immune responses [44].

TRIM-25 induces the ubiquitination of RIG-I and anti-
viral signaling adaptor MAVS to stabilize their interaction
which promotes the downstream signaling [45, 46]. The
expression levels of RIG-I, MDAS, and STAT1/2 were
upregulated in the B10 vs. NC group, which benefits the
activation of downstream RIG-I-like receptor signaling and
Jak-STAT signaling pathways. There were fewer cytokines
genes expressed in B320 vs. NC group compared with B10
vs. NC group. It indicates that supplement of 10 mg/L boron
might be more effective to enhance intestinal immunity than
that of 320 mg/L boron in rats.

The cytosolic DNA-sensing pathway provides immune
defense against infection by a large variety of DNA-contain-
ing pathogens. Cytosolic DNA sensor cGAS was upregu-
lated in B10 group and was involved in activation of innate
immune responses through cGAS-STING pathway [47].
The pro-inflammatory cytokines CCL5 and CXCL10 were
also upregulated in B10 group which resulted in anti-path-
ogens responses [48].

The DE genes between B10 and NC group were enriched
in antigen processing and presentation. Compared with NC
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group, complement of 10 mg/L boron increased the gene
expression levels of antigen binding and presentation, and
induced the activation of MHC-I pathway, which mediated
regulation of natural killer (NK) cell activity through NK
cell mediated cytotoxicity. The upregulation of CD8a gene
promoted the activation of T cell receptor signaling pathway
and benefited the maintenance of the intestinal environment.
TAPBP was upregulated in B10 compared with NC group.
This gene mediated the interaction between newly assem-
bled MHC-I molecules and the transporter associated with
antigen processing (TAP), which is required for the transport
of antigen peptides across the endoplasmic reticulum mem-
brane [49, 50]. RT1 complex is the major histocompatibility
complex (MHC) of the rat. It was predicted to have pep-
tide antigen binding activity and signaling receptor binding
activity. Moreover, it was predicted to be involved in antigen
processing and presentation of endogenous and exogenous
peptide antigen via MHC class I and class II respectively
[51, 52]. RT1-T24-3, RT1-S3, RT1-N2, RT1-T24-1, RT1-
CE7, RT1-N3, and RT1-T24-4 were upregulated in the B10
group compared with NC group. However, MHC class II
molecules such as RT1-Ba and RT1-Bb were downregu-
lated in B320 group compared with NC group [53]. It impli-
cated that appropriate addition of boron might enhance the
immune activity of the duodenum.

The differential genes can be enriched in some kinds of
diseases such as type I diabetes mellitus, viral myocardi-
tis, graft-versus-host disease, allograft rejection, and auto-
immune thyroid disease pathways. The differential genes
enriched in these pathways are mainly involved in the inflam-
matory response in these types of diseases and are used to
produce autoimmune responses [54-57]. The addition of
10 mg/L boron activated more immune response genes than
the addition of 320 mg/L boron. Some differential genes are
involved in the process of S. aureus infection. The addition
of 10 mg/L boron to this process facilitates the activation
of complement and coagulation cascades and inhibits the
formation of membrane attack complexes, thereby inhibiting
the development of the infection process [58].

The DE genes were also enriched in the pancreatic secre-
tion, protein digestion and absorption, fat digestion and
absorption, and mineral absorption. As for pancreatic secre-
tion pathway, the B10 vs. NC comparison group have four
more DE genes than B320 vs. NC comparison group. The
four genes were CLCA4, CAR4, ATP2B1, and ATP1A3,
which promoted the secretion of pancreatic juice. As for pro-
tein/fat digestion and absorption, the B320 vs. NC compari-
son group have more DE genes than B10 vs. NC compari-
son group. But interestingly, the DE genes enriched in these
signaling pathways between B10 and NC group were mostly
downregulated. However, although the common DE genes
between B10 vs. NC and B320 vs. NC comparison groups
were downregulated, there were other genes upregulating
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between B320 and NC group. The addition of 320 mg/L ele-
mental boron to drinking water is toxic to the small intestine
of rats. We hypothesize that the organism compensates for
the damage caused by high concentration of elemental boron
by increasing the metabolic efficiency of the substance, in
order to survive in an environment with high concentrations
of elemental boron. It was found that high concentration of
boron is toxic to cells which impaired protein synthesis by
stimulating phosphorylation of elF2a in the GCN2 kinase
dependent manner [11]. Higher concentration of boron-
containing compound inhibits the lipid deposition without
no evident cytotoxicity on the cells [59]. It needs further
study about the supplementary doses of boron to achieve the
balance between capacity of digestion and absorption and
response to immune reactions.

Conclusion

RNA-Seq analysis exhibited comprehensive gene expres-
sion of the duodenum treated with different concentra-
tion of boron in rats. Through transcriptome sequencing,
we validated that lower dose of boron could achieve better
effects on immune ability in the duodenum. Supplementa-
tion of 10 mg/L boron could improve the immune function,
while boron concentration above 320 mg/L might inhibit the
immune ability in the duodenum. These data provided more
information for elucidating the underly mechanism of boron
in the duodenum tissues.
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