Biol Trace Elem Res (2017) 178:261-275
DOI 10.1007/s12011-017-0932-3

@ CrossMark

Boron Affects Immune Function Through Modulation of Splenic
T Lymphocyte Subsets, Cytokine Secretion, and Lymphocyte
Proliferation and Apoptosis in Rats

Erhui Jin' - Shenghe Li'* - Man Ren' - Qiangian Hu' - Youfang Gu' - Kui Li?

Received: 7 September 2016 / Accepted: 4 January 2017 /Published online: 14 January 2017

© Springer Science+Business Media New York 2017

Abstract This study demonstrated the mechanisms of boron
effects in a rat model and provided a scientific basis for the
rational of boron use. These findings were achieved by inves-
tigating the effects of boron (10, 20, 40, 80, 160, 320, and
640 mg/L in drinking water or 1.5, 3, 6, 12, 24, 48, and
96 mg/kg BW) on rat serum immunoglobulins (IgGs), splenic
cytokines, lymphocyte subsets, as well as on lymphocyte pro-
liferation and apoptosis. Addition of 20 (3) and 40 (6) mg/L
(mg/kg BW) of boron to drinking water significantly in-
creased rat serum IgG concentrations, splenic [IFN-y and IL-
4 expression as well as the number of splenic CD3*, CD4"
and proliferating cell nuclear antigen (PCNA)™ cells.
Supplementation of drinking water with 40 mg/L (6 mg/kg
BW) boron also markedly increased splenic IL-2 expression
and the CD4"/CD8" cell ratio and reduced splenic CD8" cell
number. Supplementation with 80 mg/L (12 mg/kg BW) bo-
ron significantly increased CD3* and PCNA" cell numbers
(P < 0.05) and decreased the IL-10 expression in the spleen.
Addition of 320 (48) and 640 (96) mg/L (mg/kg BW) boron
markedly reduced the serum IgG concentrations; splenic IL-2
and IL-10 expression; the number of CD3*, CD4" and
PCNA™* cells; and increased the number of splenic CD8"
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and caspase-3" cells and promoted caspase-3 expression in
CD3" cells. In conclusion, these findings suggest that the sup-
plementation of rat drinking water with 20(3) and 40(6) mg/L
(mg/kg BW) boron can markedly enhance humoral and cellu-
lar immune functions, while boron concentrations above
320 mg/L (48 mg/kg BW) can have an inhibitory effect or
even toxicity on immune functions. These results exhibit a
U-shaped response characteristic of low and high doses of
boron supplementation on immune function and imply that
proper boron supplementation in food for humans and animals
could be used as an immunity regulator.
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Abbreviations

SPF Specific pathogen free

IHC immunohistochemistry
WBC Leukocytes

RBC Erythrocytes

HGB Hemoglobin

NEUT  Neutrophils

LYM Lymphocytes

EOS Eosinophils

BSA Basophils

MON Monocytes

H Hour

Min Minute

PCNA  Proliferating cell nuclear antigen
DAB 3,3'-Diaminobenzidine

Thl cell T-helper type 1 cell

NK cell Natural killer cell

DTH Delayed-type hypersensitive
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Background

Boron is widely used in various areas, including agri-
culture, food, cosmetics, and pharmaceutical industries
[1], and boron environmental concentration increases
year after year. Therefore, a number of studies have
focused on the defining the beneficial and harmful ef-
fects of boron on human and animal health. Previous
studies have shown that boron is a trace element re-
quired for living creatures and that it is indispensable
for humans and animals. Boron is a regulator of metab-
olism [2—4] and plays an important role in the mainte-
nance of normal physiological functions in animals [5].
Deprivation or deficiency of boron can induce disorders
of immunity, reproduction, and embryonic development.
Researchers found that a shortage of boron exacerbated
adjuvant arthritis [6], resulted in testicular and ovarian
atrophy, increased mortality rate of frog and zebrafish
embryos, and impaired development of mouse embryos
[2, 4, 7]. Appropriate amounts of boron were shown to
promote bone development, improve bone strength [8],
and to enhance growth and productive performance in
animals [9, 10]. In addition, it was shown to modulate
the levels of T3 and T4 [11], which affect insulin and
luteinizing hormone levels and affect anti-oxidative
function and capacity of DNA against oxidative damage
[12, 13]. Recent findings indicated that boron was relat-
ed with innate and acquire immune responses. Proper
boron supplementation can increase the percentage of
hemocytes and neutrophils [14], enhance antibody levels
in rats injected with the human typhoid vaccine [15],
increase the number of circulatory natural killer (NK)
cells and CD8*/CD4" lymphocytes [16], and suppress
the expression of LPS-induced pro-inflammatory cyto-
kine TNF-o [17]. In contrast, a high dose of boron
resulted in testicular atrophy, decreased sperm count,
abnormal embryonic development, and increased mortal-
ity rate [18, 19]. It also resulted in gastrointestinal dis-
orders, swelling and granular degeneration of renal tu-
bular cells [20], and impaired growth of immune organs
with significant structural defects [21]. However, the
exact required amounts of boron for growth and devel-
opment in animals remain unclear, and the harmful
amounts also need more studies.

Immunity protects the body against infection by endoge-
nous and exogenous pathogens and plays a decisive role in
maintaining health. Although the effect of boron on immune
functions in animals has been verified, the relationship be-
tween the amount of boron consumed and the immune func-
tions in mammals as well as the underlying mechanisms are
still unclear. By studying the effects of various boron concen-
trations on indicators, such as splenic cytokines, T cell subsets,
and splenic lymphocyte proliferation and apoptosis, the
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present study demonstrated the mechanisms of boron effects
on immunity and provided a scientific basis for the rational
use of boron.

Methods
Experimental Animals and Animal Feeding

Healthy 96 specific pathogen-free (SPF) 23-day-old male
Sprague Dawley (SD) rats (weight 55 + 2 g, lot: 2013-09-
02) were purchased from the Laboratory Animal Center of
the Anhui Medical University in Anhui province of China.
The study was conducted at the Anhui Science and
Technology University during the fall (September to
December) of 2013 and lasted 70 days. The use of all exper-
imental animals was reviewed and approved by the Anhui
Laboratory Animal Care Committee. All animal experimental
procedures were performed according to the “Guide for
Laboratory Animal Care and Use” and complied with the
“Guide for National Laboratory Animal Healthcare and
Use.” Animal feed was purchased from the Qinglongshan
breeding farm in the Jiangning District of Nanjing city. The
main nutritional ingredients of the feed (serial number:
GB14921.1-2001) were <10% water, >18.15% crude protein,
>4.03% crude fat, >5.12% crude fiber, and >7.94% crude ash.
The boron concentration was 1.71 mg/kg in this rat diet.

Experimental Design

After 1 week of adaptive feeding, the 96 rats were randomly
assigned to a control group and 7 test groups, of 12 rats each.
The non-treated control group (NC) was given autoclaved
distilled water while the test groups (groups 1 to 7) were given
boron-supplemented water in the form of boric acid. For these
animals, concentrations of 10 (1.5), 20 (3), 40 (6), 80 (12), 160
(24), 320 (48), and 640 (96) mg/L (mg/kg body weight) bo-
ron, respectively, were added to the distilled drinking water.
No boron was detected in the distilled water, prior to supple-
mentation. Water intake of each rat was recorded before the
experiment, and water containing boron was offered accord-
ing to average water intake during experiment. The experi-
ments were conducted over 60 days in the Laboratory
Animal Center of Anhui Science and Technology
University. Animals were housed in separate ventilated cages
at 22-25 °C, 50-60% humidity, light/dark cycle = 14:10, and
had free access to food and water. All cage covers and water
bottles were sterilized before use. At 8:30 every morning dur-
ing the experimental period, all of the rats were monitored for
their mental state, activity level, and tail color. The water and
food intake were recorded, and the clinical criteria were used
to assess animal health and general welfare. If rats became ill,
severely ill, or even moribund, they were anesthetized,
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weighed, and dissected to expose the heart for blood collec-
tion, and then bleed to death.

Sample Collection and Preparation

At the end of the study, ten rats from each group were anes-
thetized by gas anesthesia systems (ABS) under the euthana-
sia condition: 4-5% inhalant anesthesia (isoflurane) was ad-
ministered for induction followed by 1-2% for maintenance;
while the rat was being anesthetized, weighed, the chest
opened to expose the heart, the blood collected from the heart,
then the animal bled to death. Sterile, procoagulant, and hep-
arin anticoagulant vacuum blood collection tubes (Sekisui
Medical Co., Ltd., Japan) were used to collect procoagulant
and anticoagulant blood, respectively, from the right ventricle.
The anticoagulant blood was used for blood physiological
index detection, and the serum was separated from the
procoagulant blood by centrifugation. The spleen was extract-
ed and weighed. A portion was excised and fixed in 4% para-
formaldehyde in PBS for immunohistochemistry (IHC), and
the rest was stored in liquid nitrogen for cytokine detection.

Detection of Serum Immunoglobulins

The procoagulant blood was left at room temperature for 2 h
(h) and then centrifuged for 15 min (min) at 3000 rpm/min at
4 °C (Beckman Allegra X-30R; Beckman Coulter Trading
Co., Ltd., China) to separate the serum. Serum concentrations
of immunoglobulin (Ig)G, IgA, and IgM were determined
using the automated biochemical analyzer (BS-200, Mindray
Medical International Limited, China).

Detection of Cytokine Concentrations

Spleen tissues were homogenized over an ice bath and centri-
fuged for 15 min at 3000 rpm/min at 4 °C. The supernatant
was collected and stored at —80 °C. Splenic IL-2, IL-4, IL-10
and IFN-y concentrations were determined using the ELISA
test kits (RD Biosciences, Inc., USA) following the manufac-
turer’s protocols, and the absorbance was measured using a
microplate reader (Multiskan GO, Thermo Fisher Scientific
Inc., USA). The correlation coefficients of the IL-2, 1L-4,
IL-10 and IFN-y standard curves were 0.9915, 0.9912,
0.9903, and 0.9901, respectively.

Immunohistochemistry

The expression levels of CD3, CD4, CD8 proliferating cell
nuclear antigen (PCNA) and the apoptosis protein caspase-3
in splenic T cells were determined using the streptavidin-
biotin-peroxidase complex (SABC) immunohistochemical
method. After 72 h of fixation in 4% paraformaldehyde (in
PBS), spleen tissues were washed, dehydrated with graded

ethanol series, and cleared in xylene, embedded in paraffin.
Samples were laterally sliced into 6-pm-thick sequential sec-
tions using a paraffin section machine (RM2235, Leica
Biosystems, Germany). One tissue section per 30 sections
was fixed on a poly-lysine-coated glass slide and stored at
37 °C for immunohistostaining.

Immunohistostaining Tissue sections were dewaxed in xy-
lene; rehydrated in graded ethanol and distilled water; washed
three times in 0.01 mol/LL PBS (pH 7.4), for 5 min each wash;
and immersed in 0.1 mol/L citrate buffer (pH 6.0). Antigen
was retrieved for 15 min using the microwave antigen retriev-
al method followed by cooling to room temperature, as previ-
ously described in detail [22]. Sections were then washed
three times in 0.01 mol/L PBS for 5 min each wash and incu-
bated for 30 min at room temperature in 3% hydrogen perox-
ide (prepared in methanol) to remove endogenous peroxidase
followed by washing three more times in 0.01 mol/L PBS for
5 min each wash. Sections were then incubated for 30 min at
room temperature in 10% normal goat serum (prepared in
0.01 mol/L PBS) to block non-specific secondary binding.
After removal of the normal goat serum, drops of rabbit anti-
rat or mouse anti-human primary antibody were added and
incubated at 4 °C overnight. On the next day, tissue sections
were allowed to reach room temperature for 30 min, washed
three times in 0.01 mol/L PBS for 5 min each wash, followed
by addition of drops of biotinylated goat anti-rabbit (1:200
dilution, Proteintech Group, Inc., USA), or horse anti-mouse
secondary antibody (1:200 dilution, ZSGB-BIO OriGene,
China), and incubation at 37 °C for 2 h. Sections were washed
three times in 0.01 mol/L PBS for 5 min each wash, followed
by addition of drops of streptavidin-labeled tertiary antibody
(1:200 dilution, Proteintech Group, Inc., USA) and incubation
at 37 °C for 2 h. Finally, sections were washed two times using
PBS (0.01 mol/L) for 5 min each time. 3,3’-Diaminobenzidine
(DAB) substrate solution was pre-incubated for 30 min at
room temperature (Sigma-Aldrich, Inc., USA) and added to
the sections. Incubation with DAB chromogen was allowed
for 5 min; then, nuclei were stained with hematoxylin for
3 min. This was followed by dehydration with graded ethanol,
clearing in xylene, and mounting with neutral gum. Primary
antibodies used were as follows: rabbit anti-CD3 polyclonal
antibody (Abcam Inc., USA, 1:200 dilution), rabbit anti-CD4
polyclonal antibody (Santa Cruz Biotechnology, Inc., USA,
1:200 dilution), rabbit anti-CDS8 polyclonal antibody (Santa
Cruz Biotechnology, Inc., USA, 1:200 dilution), mouse anti-
human PCNA polyclonal antibody dilution (Cell Signaling
Technology, Inc., USA, 1:2000 dilution), and rabbit anti-
caspase-3 polyclonal antibody (Proteintech Group, Inc.,
USA, 1:200 dilution).

Spleen THC sections were visualized and photographed
using the Olympus BX51 Upright Fluorescence Microscope
camera system (Olympus Co. Ltd., Japan). Fifteen spleen
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transverse sections were selected from each rat of each treat-
ment group for immunohistostaining. Five regions were even-
ly selected from the top, bottom, left, right, and center areas of
each section, to be photographed. Statistical analysis of
stained positive cells was done using the [PP6.0 image analy-
sis software.

Double Immunofluorescence

Expression of the apoptotic protein caspase-3 in splenic
CD3* T cells was detected using double immunofluores-
cence labeling. With the previous steps the same as
those of IHC, tissue sections were incubated overnight
at 4 °C with a rabbit anti-CD3 polyclonal antibody
(Abcam Inc., USA, 1:200 dilution). The following day,
sections were warmed to room temperature for 30 min,
washed three times in 0.01 mol/L PBS for 5 min each
wash, followed by addition of drops of DyLight 549-
labeled goat anti-rabbit secondary antibody (CWBIO,
China, 1:200 dilution), and incubated at 37 °C for
2 h. Sections were then washed three times in
0.01 mol/L PBS for 5 min each wash and incubated
with 10% normal goat serum at room temperature for
30 min; the serum was removed, and drops of rabbit
anti-caspase-3 polyclonal antibody (Proteintech Group,
Inc., USA, 1:200 dilution) were then added and incu-
bated at 4 °C overnight. The next day sections were
warmed to room temperature for 30 min and washed
three times in 0.01 mol/L PBS for 5 min each wash;
drops of DyLight 488-labeled goat anti-rabbit secondary
antibody (CWBIO, China, 1:200 dilution) were added
and incubated at 37 °C for 2 h and washed three more
times in 0.01 mol/L PBS for 5 min each wash. Drops
of 4',6-diamidino-2-phenylindole, dilactate (DAPI) solu-
tion (Sigma-Aldrich, Inc., USA, 1:10,000 dilution) were
added and incubated at room temperature for 30 min,
followed by washing three more times in 0.01 mol/L
PBS, for 5 min each wash, and then mounting in 75%
glycerol. The results were visualized and photographed
using the Olympus BXS51 Upright Fluorescence
Microscope camera system (Olympus Co. Ltd, Japan).

Statistical Analysis

All data were expressed as mean = SD. One-way ANOVA was
performed on the experimental data using the SPSS 22.0 sta-
tistical software (SPSS Inc., Chicago, IL, USA). Levene’s test
and Kolmogorov-Smirnov test were used to determine the
homogeneity of variance and normality of distribution, re-
spectively. Significant differences in the data were analyzed
by the Dunnett’s test. P < 0.05 was considered statistically
significant, and P < 0.01 was considered statistically extreme-
ly significant.
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Results
Effect of Boron on Serum Immunoglobulin Levels in Rats

The effect of boron on the concentrations of serum immuno-
globulins in rats is shown in Fig. 1. There was no significant
change in serum IgA concentration among all groups
(P> 0.05). Compared with the NC group, serum IgM concen-
tration in group 7 was significantly reduced by 38.91%
(P <0.01). Serum IgG concentrations of groups 2 and 3 were
significantly increased by 12.08 and 18.46% (P < 0.05), re-
spectively, compared to the NC group. In contrast, for groups
6 and 7, it was significantly decreased by 19.46 and 18.45%
(P < 0.01), respectively, compared to the NC group.

Effect of Boron on Splenic Cytokine Levels in Rats

The effects of boron on splenic cytokines concentrations are
shown in Fig. 2. Compared to the NC group, the IL-2 concen-
tration was significantly increased by 8.13% (P < 0.05) in
group 3, whereas it was significantly decreased by 7.76 and
11.92% (P < 0.05 or P < 0.01) in groups 6 and 7, respectively.
Compared with the NC group, IFN-y concentration in the
spleen was significantly elevated by 18.47 and 24.55%
(P <0.01) in groups 2 and 3, respectively, while it was signif-
icantly reduced by 6.85 and 15.05% (P < 0.05 or P < 0.01) in
groups 5 and 7, respectively. Splenic IL-4 concentration was
significantly increased by 7.40 and 9.43% (P < 0.05 or
P < 0.01) in groups 2 and 3, respectively, and highly signifi-
cantly decreased by 9.41% (P < 0.01) in group 7.
Furthermore, the splenic IL-10 concentration was markedly
elevated by 6.81% (P < 0.05) in group 2 whereas it was sig-
nificantly or extremely significantly reduced by 9.77, 7.67,
10.66 and 11.04% (P < 0.05 or P < 0.01) in groups 4-7,
respectively.

Effect of Boron on the Number of Splenic CD3", CD4",
and CD8" Lymphocytes in Rats

Results from immunohistochemical staining showed that the
cytoplasm of CD3* cells was brown whereas the cytoplasm of
CD4"* and CDS8" cells was yellowish brown. CD3™ cells were
mainly distributed in the splenic periarteriolar lymphoid
sheaths, and they first increased then decreased following
the increase of boron supplementation (Fig. 3). CD4" and
CDS8" cells were mainly distributed within and at the margins
of the splenic periarteriolar lymphoid sheaths. As the boron
concentration increased, the number of CD4" cells first
showed an increase then a decreasing trend, while the results
were the reverse in CD8" cells (Figs. 4 and 5). Statistics on the
number of positive immune cells per unit area showed that
compared to the NC group, CD3" cell numbers were signifi-
cantly increased by 26.04, 40.10 and 17.23% (P < 0.01 or
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The contents of serum
immunoglobulin(g/L)

80 160 320
12 24 48

96 (mg/kg BW)

Supplementation of boron in drinking water

Fig. 1 The concentration of serum immunoglobulins in rats. The serum
samples were collected from rats, followed by serum biochemical
analyzer for determination of serum immunoglobulin concentrations.
Compared with the 0 mg B/L, The serum IgA concentration had no
significant change in the treatment groups; the serum IgM concentration
in 640 mg B/L was significantly reduced by 38.91%; the serum IgG

P < 0.05) in groups 2, 3 and 4, respectively, whereas it was
markedly reduced by 19.30 and 16.55% (P < 0.05) in groups 6
and 7, respectively. There were no significant differences in
CD3"* cells in groups 1, 5 and the NC group (P > 0.05)
(Fig. 6a). CD4™ cells were significantly or highly significantly
elevated by 20.55 and 34.92% (P < 0.05 or P < 0.01) in groups
2 and 3, respectively, and were significantly reduced by 14.98,
23.3 and 28.24% (P < 0.05 or P < 0.01) in groups 5, 6 and 7,
respectively (Fig. 6b). Moreover, CD8" cells were highly sig-
nificantly decreased by 19.52% (P < 0.01) in group 3 and
significantly increased by 16.39 and 15.57% (P < 0.05) in
groups 6 and 7, respectively (Fig. 6¢). The ratio of CD4"/
CDS8" cells per unit area first showed a clear increase then a
decreasing trend, with the highest value in group 3 and lowest
value in group 7 (Fig. 6d).

Effect of Boron on Splenic Lymphocyte Proliferation
and Apoptosis in Rats

In this study, the immunohistochemical staining of PCNA and
caspase-3 were used to determine the proliferation and apo-
ptosis of splenic lymphocytes (Figs. 7 and 8). Results showed
that the nuclei of PCNA™ cells were stained blackish brown
(Fig. 7), and the cytoplasm of caspase-3" cells were stained
yellowish brown (Fig. 8). These two types of cells were dis-
tributed at various levels among the white and red pulps of the
spleen. As the concentration of boron supplement increased,
the number of PCNA™ cells were first increased then de-
creased, whereas it was the reverse for caspase-3" cells.
Statistics on the number of positive immune cells per unit area
showed that compared to the control group, the number of
splenic PCNA™ cells were highly significantly increased by
68.88, 75.80, 58.33 and 57.57% (P < 0.01) in groups 1, 2, 3
and 4, respectively, and were significantly reduced by 22.18

concentrations of 20 and 40 mg B/L were significantly increased by
12.08 and 18.46%, respectively; conversely, the IgG concentrations of
320 and 640 mg B/L were significantly decreased by 19.46 and 18.45%,
respectively. One asterisk indicates a significant difference (P < 0.05) and
two asterisks indicate an extremely significant difference (P < 0.01) in the
column

and 17.22% (P < 0.05) in groups 5 and 7, respectively
(Fig. 9a). Splenic caspase-3" cells were highly significantly
decreased by 29.14, 22.05 and 28.26% (P < 0.01) in groups 1,
2 and 3, respectively, whereas they were significantly in-
creased by 14.49 and 31.91% (P < 0.05 or P < 0.01) in groups
5 and 6, respectively. There were no significant differences in
the number of caspase-3* cells between the other groups and
the control group (Fig. 9b).

Effect of Boron on the Apoptosis of Splenic CD3"
Lymphocytes in Rats

The double immunofluorescence results are shown in Fig. 10.
As seen under the fluorescence microscope, the cytoplasm of
splenic CD3" and caspase-3" cells were fluorescently red and
green, respectively. Compared to the control group, the posi-
tive signal intensity for CD3 in the spleen gradually increased
in groups 1, 2 and 3 while the signal intensity for caspase-3
gradually decreased in these three groups. The double positive
signal intensity also gradually decreased. Compared with the
control group, the signal intensities for splenic CD3 and
caspase-3 gradually reduced and increased respectively in
groups 4, 5 and 6, and the double positive signal intensities
were significantly decreased in group 7.

Discussion

Effect of Boron on Immune Functions in the Rat Spleen
Animal immune response can be divided into non-specific
and specific immunity. Non-specific immunity is the first de-

fense barrier against pathogens, and it mainly includes phys-
ical barriers (such as the skin, mucosa, blood brain barrier, and
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Fig.2 The concentration of splenic cytokines in rats. The spleen samples
were homogenized, and supernatants were collected and used in ELISA
assays for measurement of IL-2 (A), INF-y (B), IL-4 (C) and IL-10 (D)
concentrations in the spleen. Compared to the 0 mg B/L, the IL-2
concentration was significantly increased by 8.13% in 40 mg B/L,
whereas it was significantly decreased by 7.76 and 11.92% in 320 and
640 mg B/L, respectively; the IFN-y concentration was significantly
elevated by 18.47 and 24.55% in 20 and 40 mg B/L, respectively, while
it was significantly reduced by 6.85 and 15.05% in 160 and 640 mg B/L,

placental barrier), innate immune cells (such as monocytes,
macrophages, leukocytes, and dendritic cells), and innate im-
mune molecules (such as complement and lysozyme) [23].
Specific immunity is acquired after birth and as the second
defense barrier against the infection by pathogenic microbes,
and it is mainly composed of T lymphocytes, B lymphocytes
and cytokines [24]. Many studies have found that nutrition
plays an important role in the maintenance of immune cell
activity, as well as both the non-specific and specific immune
responses [25]. There is growing evidence revealing that cer-
tain kinds of micronutrients could regulate and enhance im-
mune functions [26]. For example, in humans, the recom-
mended selenium intake is 55-400 pg/day for adults; supple-
mentation of 200 png/day selenium for 8§ weeks enhances the
activity of NK, promotes the secretion of cytokines by T lym-
phocytes, and improves both the specific and non-specific
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respectively; the IL-4 concentration was significantly increased by 7.40
and 9.43% in 20 and 40 mg B/L, respectively and highly significantly
decreased by 9.41% in 640 mg B/L. Furthermore, the splenic IL-10
concentration was markedly elevated by 6.81% in 20 mg B/L, whereas
it was significantly or extremely significantly reduced by 9.77, 7.67,
10.66 and 11.04% in 80—640 mg B/L, respectively. One asterisk indicates
a significant difference (P < 0.05) and two asterisks indicate an
extremely significant difference (P < 0.01) in the column

immune functions. Selenium deficiency can reduce the con-
centration of immunoglobulin and hence weaken immune
functions [27-29]. Zinc is an essential trace element for the
proliferation and differentiation of lymphocytes (12-15 mg
Zn/day for humans), enhances macrophage and NK cell activ-
ity (58 mg Zn/kg in the diet, for BALB/c mice), promotes
antibody production (75 mg Zn/kg in the diet for beef heifers),
and induces the T-helper type 1 (Th1) response (30 or 60 M/
L Zn for PBMC in human); it also helps to maintain the in-
tegrity of the skin and mucosa [30-33]. Recent studies have
shown that boron is also an essential trace element for humans
and animals and that it plays a critical role in the development
of immune organs and efficiency of the immune function.
Boron deficiency could result in immune dysfunction, while
proper boron supplementation could promote the develop-
ment and affect the structures and anti-oxidative functions of
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Fig. 3 The distribution of CD3* lymphocytes and CD3 expression in rat
spleens. The spleen tissue sections were used in immunohistochemical
staining for the expression of CD3 in the splenic lymphocytes. The CD3*
lymphocytes were stained as yellowish brown. The expression of CD3 in
the splenic lymphocytes in the NC group (a) and groups 1-7 (b-h)

immune organs [34]. At the same time, proper boron supple-
mentation could enhance immune function, for example, sup-
plementation of 2.5 mg/day can significantly increase white
blood cell numbers and the percentage of polymorphonuclear
leukocytes in women [14], supplementation of 1.75 mg boron/
kg for 44 days can significantly increase IgM and IgG levels in
rats injected with the human typhoid vaccine [15], and sup-
plementation of 2.0 mg boron/kg increases the number of
circulatory NK cells and CD8*/CD4 "~ lymphocytes in rats af-
ter injection of Mycobacterium butyricum [16]. The addition
of 25 umol/L boric acid can significantly decreased LPS-
induced TNF-o secretion and mRNA expression of THP-1
cells [17]. However, an excess of boron has damaging and
toxic effects on the development and function of immune
organs [21]. According previous studies, the minimum nutri-
tional requirements of boron for a human is 0.25-0.35 mg B/
day [35]; the World Health Organization (WHO) considers an
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negative control (i) of immunohistochemical staining is also shown.
Bar = 50 um. SC splenic cord, SN splenic nodule, PLS periarteriolar
lymphoid sheaths, MZ marginal zone (color figure online)

acceptable range of intake for total boron of 1-13 mg B/day
for adult human [36], while acceptable daily intake (ADI) of
boron is 18 mg B/day (0.3 mg B/kg/day) for 60-kg women or
70-kg men [37]. However, following previous studies, the
minimum nutritional requirement of boron for rat is no more
than 0.3 mg B/kg/day, and the no observed adverse effect level
(NOAEL) of boron for developmental toxicity and reproduc-
tive toxicity in rat are 9.6 and 26 mg B/kg/day, respectively
[38, 39]. Those studies showed that the nutritional require-
ments and NOAEL of boron for different species have obvi-
ous difference. In our studies, the intake of boron is 1.5, 3.0
and 6.0 mg B/kg in the rat of 10, 20 and 40 mg B/L, respec-
tively, which has exceeded minimum nutritional requirements
but has not reached the level of NOAEL in rat. However, the
intake of boron are 48 and 96 mg B/kg in the rat of 320 and
640 mg B/L have greatly exceeded level of NOAEL. So, in
our study, the supplementation of boron in rats was included
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Flg 4 The distribution of CD4Jr lymphocytes and CD4 expression in rat
spleens. The spleen tissue sections were used in immunohistochemical
staining for the expression of CD4 in the splenic lymphocytes. The CD4*

lymphocytes were stained as yellowish brown. The expression of CD4 in
the splenic lymphocytes in the NC (control group) (a) and groups 1-7 (b—

the proper dosage and toxic dosage, which indicated that the
boron could possibly have beneficial effects or toxic effects on
immune function in rats.

The specific immune responses in animals include humoral
immunity and cellular immunity. Humoral immunity is medi-
ated mostly by the production of antibodies from B cells, and
cellular immunity is mediated by T cells and the cytokines
they secrete [40]. Fry et al. [41] found that the supplementa-
tion of 5 and 50 mg/kg boron in diets could increase the cattle
anti-pig erythrocyte IgG titers but had no effect on the anti-pig
erythrocyte IgM titers. The current study demonstrated that
the supplementation of 20 and 40 mg/L boron in rat drinking
water increased serum IgG levels and the number of splenic
CD3" T cells in varying degrees. The supplementation of 320
and 640 mg/L boron had a reverse effect, indicating that ap-
propriate boron supplementation can markedly enhance hu-
moral and cellular immune functions, and high doses of boron
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negative control (i) of immunohistochemical staining is also shown.

Bar = 50 um. SN splenic nodule, PLS periarteriolar lymphoid sheaths,
MZ marginal zone (color figure online)

have inhibitory or even toxic effects. T cells can be catego-
rized into helper T cells (CD4" T cells), cytotoxic T cells
(CD8" T cells), effector T cells, suppressor T cells, memory
T cells, and delayed-type hypersensitive (DTH) T cells [42].
The CD4" T cell and CD8" T cell are both important T cell
subset in the immune system, CD4" T cells can help and
enhance the cellular immune function, and CD8" T cells can
kill target cells labeled with specific antigens [43]. Therefore,
the ratio of CD4*/CD8" T cell is an important indicator of the
cellular immune function and the change in the number of
CD4" T cell and CD8" T cell [44]. Within normal limits
(1.4-2.0, human), the increase of CD4"/CD8" T cell ratio
shows that the number of CD4 cells increased and the number
of CDS cells decreased, which indicate that the cellular im-
mune function is enhanced; the decrease of CD4*/CDS8" T cell
ratio shows that the number of CD4 cells decreased and the
number of CDS8 cells increased, which indicate that the
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Fig. 5 The distribution of CD8"* lymphocytes and CD8 expression in rat
spleens. The spleen tissue sections were used for immunohistochemical
staining for the expression of CDS in the splenic lymphocytes. The CD8*
lymphocytes were stained as yellowish brown. As indicated, the CD8
expression in the splenic lymphocytes in the NC group (a) and groups

cellular immune function is weakened. However, when the
ratio of CD4"/CD8" T cell exceed the normal range (<1.4 or
>2.0), it indicates that the cellular immune function disorder.
The ratio of CD4*/CD8" T cell less than 1.4 is mainly present
in immune deficiency disease (HIV), malignant tumor, leuke-
mia, and some viral infections; the ratio of CD4*/CD8" T cell
more than 2.0 is mainly present in autoimmune disease. In our
study, the increase of splenic CD4*/CD8™ T cell ratio in 20 and
40 mg B/L in the normal range, which indicates enhancement
of cellular immune function in rats and then improve the abil-
ity of the body to resist virus infection. Based on the different
types of cytokines they secrete, CD4™ T cells are divided into
Thl and Th2 subsets. Thl cells mainly secrete IL-2, IFN-y
and TNF-3, which help with the production of antibodies
involved in cellular immunity and DTH responses. Th2 cells
mainly secrete IL-4, IL-6 and IL-10 which can stimulate the
proliferation of B cells and the secretion of antibodies to
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1-7 (b-h) differed as boron supplementation increased in drinking water.
The negative control (i) of immunohistochemical staining is also shown.
Bar = 50 pm. MZ marginal zone, PLS periarteriolar lymphoid sheaths
(color figure online)

participate in humoral immunity [45]. Changes in the secre-
tion and concentration of Th1 and Th2 cytokines directly in-
fluence the immune functions of CD4* T cells. Several studies
have found that inadequate intake of trace elements can have
significant impact on cellular immune functions. Zinc defi-
ciency can reduce CD4" T cells and increase CD8" T cells,
which in turn suppress the synthesis and secretion of IL-2, and
supplementation of zinc can promote the expressions of IL-2
and IFN-y [46-48]. In the present study, addition of 20 and
40 mg/L boron in drinking water could significantly increase
the number of splenic CD4™ T cells and promote the secretions
and expressions of [L-2 IFN-y, and IL-4. The reverse effects
were observed in addition of 320 and 640 mg/L boron. Our
results showed a U-shaped response characteristic of rat im-
mune function response to low and high boron concentrations,
which was consistency with prior research [49, 50] and also
indicated that appropriate boron supplementation can enhance
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Fig. 6 Determination of the number and ratio of positive cells in rat
spleens by immunohistochemical staining. The number of CD3" (a),
CD4* (b), and CDS8" (c) cells per unit area in the spleen was counted
by using the IPP6.0 image analysis software, and the ratio of CD4*/CD8"

specific immune functions by influencing the ratio of T lym-
phocyte subsets and the secretion of associated cytokines.

Effect of Boron on Splenic Lymphocyte Proliferation
and Apoptosis in Rats

In the immune system, proliferation and apoptosis of
lymphocytes affect the maintenance of the number and
ratio of various lymphocyte subsets as well as the gen-
eral function of the immune system. PCNA is a type of
non-histone nucleoprotein which is specifically
expressed during the S phase of proliferating cells. It
is involved in many cellular events, such as being a
cell cycle regulatory protein or a DNA polymerase 6
accessory protein that participates in cellular damage
repair, cell cycle regulation, and chromosome recombi-
nation [51]. The level of PCNA expression is an indi-
cator of a cell’s proliferative state [52, 53]. Caspase-3,
as one of the most important members of the caspase
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family, is responsible for the enzymatic cleavage of all
or a part of the key proteins which leads to the com-
pletion of the apoptotic program during apoptosis.
Therefore, it is an enzyme marker for the occurrence
of cellular apoptosis [54]. Results from the current
study found that boron plays an important regulatory
role in the proliferation and apoptosis of lymphocytes.
Previous studies have shown that appropriate selenium
supplementation can promote T cell proliferation in vivo
(50-400 ng Se/ml for bovine PBMC) and in vitro (2 mg
Se/kg diet for C57BL/6J mice), whereas selenium defi-
ciency can cause abnormal (nitric oxide) NO metabo-
lism, thus inducing an increase in splenic lymphocyte
apoptosis [55-57]. Proper zinc supplementation can en-
hance the proliferation of cattle lymphocytes in vitro
(80 mg Zn/kg in the diet of pregnant Sahiwal cows),
increase the activity of superoxide dismutase, and re-
duce the inhibitory effect of lead on lymphocyte prolif-
eration. Zinc deficiency, on the other hand, can suppress
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spleens. The spleen tissue sections were used in immunohistochemical
staining for the expression of PCNA in the spleen. The PCNA™ cells were
stained as brown black. As indicated, the PCNA expression in the spleen

T cell proliferation and induce the apoptosis of Th2
cells [58]. The present study showed that the addition
of 20 and 40 mg/L boron in rat drinking water could
significantly increase the number of splenic PCNA™*
cells, decrease caspase-3* cells, and reduce the expres-
sion of caspase-3 in CD3" T cells. Whereas the supple-
mentation of 640 mg/L boron markedly lowered the
number of splenic PCNA™ cells, the supplementation
of 160 and 320 mg/L boron significantly increased the
number of splenic caspase-3* cells. The previous results
indicated that appropriate boron supplementation could
promote lymphocyte proliferation and inhibit apoptosis,
while high doses of boron could inhibit lymphocyte
proliferation and promote apoptosis. Furthermore, an in-
teresting observation in the present study showed that
the supplementation of 640 mg/L boron in drinking wa-
ter not only slightly reduced the number of splenic

in the NC group (a) and groups 1-7 (b—h) differed as the boron
supplementation in drinking water increased. The negative control (i) of
immunohistochemical staining is also shown. Bar = 50 um. SN splenic
nodule, PLS periarteriolar lymphoid sheaths (color figure online)

caspase-3" cells but it also inhibited the expression of
caspase-3 in splenic CD3* cells. The reason might be
that excessive boron supplementation caused structural
damages in the rat spleens, which subsequently led to
the reduction of splenic T cells and other immune cells.
The effect of boron on the immune system might be a
new strategy to improve animal and human immune
response. The current study indicated that the proper
concentration of boron improved immune function, and
high-level boron had a toxic effect on the immune sys-
tem in vivo. However, how the boron dose modulates
the number of CD3*, CD4*, PCNA" cells and the exact
mechanisms and signaling pathways related to these ef-
fects is not yet fully understood. Therefore, further stud-
ies, including more in vivo experiments are needed to
shed more knowledge on these mechanisms and path-
ways involved in these effects of boron.
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Fig. 8 The distribution of caspase-3" cells and caspase-3 expression in
rat spleens. The spleen tissue sections were used in immunohistochemical
staining for the expression of caspase-3 in the spleen. The caspase-3*
cells were stained as brown-black. As indicated, the caspase-3
expression in the spleen in the NC group (a) and groups 1-7 (b—h) was
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Fig. 9 Detection of the number and PCNA™ and caspase-3" cells in rat
spleens by immunohistochemical staining. The number of PCNA™ (b)
and caspase-3"* cells (b) per unit area was counted by using the IPP6.0
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Fig. 10 The immunofluorescence staining of CD3" and caspase-3* cells
in rat spleens. The caspase-3 expression of CD3* cells in the spleen in the
NC group (0 mg/L) and groups 2 (20 mg/L), 3 (40 mg/L), 5 (160 mg/L), 6
(320 mg/L), and 7 (640 mg/L) were analyzed by using double
immunofluorescence staining. The CD3* cells showed red fluorescence.

Conclusions

In conclusion, supplementation of 20 and 40 mg/L boron in
rat drinking water increased the level of serum IgG; hemoglo-
bin concentration; the number of leukocytes, erythrocytes,
lymphocytes, and monocytes; induced an increase in splenic
CD3" T cells; and enhanced non-specific and specific immune
responses. It also increased the number of splenic CD4* T
cells and the CD4%/CD8" T cell ratio, promoting the synthesis
and secretion of IL-2, IFN-y and IL-4 in the spleen, and thus
enhancing cellular immune functions. In contrast, the supple-
mentation of 160—-640 mg/L boron reduced the non-specific
and specific immune responses to varying degrees and de-
creased cellular immune functions. The regulation of boron
on the immune functions in the spleen was mainly achieved

160mg/L 40mg/L 20mg/L
(96mg/kg BW) (48mg/kg BW) (24mg/kg BW) (6mg/kg BW) (3mg/kg BW)

320mg/L

640mg/L

The caspase-3* cells showed green fluorescence. The nucleus was stained
as blue fluorescence by DAPL The CD3" caspase-3* was represented
double positive cells. The CD3* Caspase-3* DAPI represented merged
double positive cells and DAPI-stained nucleus. Bar = 50 um (color
figure online)

through its influence on splenic lymphocyte subsets, secretion
of associated cytokines, and the proliferation and apoptosis of
these lymphocytes.
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