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Abstract

Objectives: The aim of this study was to observe the depression-like behavior changes of rats exposed to lead with or without probiotic interven-
tion, and to investigate changes in the gut microbiota and fecal short-chain fatty acids (SCFAs) levels after lead exposure, and the possible func-
tions of probiotics in this process. Material and Methods: Adult male Sprague Dawley rats were exposed to a 300 mg/I lead acetate solution for
24 weeks, with or without probiotic (freeze-dried powder containing Lactobacillus and Bifidobacterium: 6 billion live bacteria/2 g) intervention in
weeks 17-24. The sucrose preference test (SPT), the forced swim test (FST), and the tail suspension test (TST) were preformed to study the depres-
sion-like behaviors of these rats. The alteration of rat gut microbiota induced by lead exposure was analyzed by 16S rRNA sequencing, and the levels
of fecal SCFAs were detected using gas chromatography. Results: Neurobehavioral tests showed that lead exposure induced depression-like be-
havior in rats, including reduced sucrose preference in the SPT, and increased immobility times in the FST and the TST. Sequencing and gas chro-
matography showed that lead exposure changed the structure and the phylogenetic diversity of the gut microbiota, as well as significantly altered
the levels of SCFAs. Moreover, the depression-like behaviors, and the changes in both gut microbiota and SCFAs, could be mitigated by probiotic
intervention. Conclusions: Lead exposure not only changes the structure and diversity of the gut microbiome but also affects metabolic function.
Probiotic intervention may be a novel initiative for the prevention and treatment of neurological damage following lead exposure. Int ] Occup Med
Environ Health. 2022;35(1):95-106
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INTRODUCTION

Lead is a widespread neurotoxin in production and living
environments. Long-term exposure to low concentra-
tions of lead can cause neurological damage, including
cognitive impairment, anxiety, depression and other neu-
rological diseases. Depression is mainly characterized by
low emotion, low interest, a lack of concentration, slow
thinking and behavior, and in severe cases — pessimism,
despair and suicidal thoughts. The gut microbiota plays
an important role in human health and disease transition,
and may also take part in the development of neurological
damage caused by lead exposure. With in-depth research
on microbial genes and the application of bioinformatics
of microbiota, researchers have found that depression is
not necessarily a problem of the brain but of gut micro-
biota; however, the mechanism is still unclear [1-3].

The microbiome-gut-brain axis participates in the bidi-
rectional regulation of the intestinal and central nervous
system (CNS) through immune, endocrine, vagus and neu-
rotransmitter pathways [4-6]. Some studies indicate that
patients with irritable bowel syndrome often have a psy-
chiatric history, accompanied by gut microbiota disorders.
Neuropsychiatric diseases such as autism, depression, and
Alzheimer’s disease are strongly correlated with the com-
position of the gut flora [7-9]. The gut flora regulates
the secretory reflex and gut movement, as well as the brain
and behavior. Bercik et al. [10] found that increases in
the abundance of intestinal Citrobacter caused decreases in
the number of neurotransmitters in mice, and that the mice
presented depressive behavior. Apparently, the gut micro-
biota shows associations in the junction between the CNS
and the gut; therefore, it affects the functional development
of the CNS and the occurrence of related diseases.
Short-chain fatty acids (SCFAs) are the end metabolites of
dietary fiber fermentation and mainly consist of acetic acid,
propanoic acid, butyrate, branched chain amino acids,
such as isobutyric acid, and isovaleric acid from protein

fermentation, which can affect intestinal mucosal immune
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balance [11,12]. They can have a direct nutritional effect
on probiotics, and promote the growth and reproduction of
probiotics, but also regulate the pH value of the gut, prevent
the colonization of pathogenic bacteria, promote the pro-
liferation of colon epithelial cells, and maintain intestinal
morphology [13]. Short-chain fatty acids are related to
intestinal immunity and play an important role in the im-
munity of the CNS. Researchers have reported that SCFAs
produced from a microbial metabolite can reach the circu-
lation and cross the blood-brain barrier to activate specific
receptors in the brain regions and neural circuits, associ-
ated with depression and anxiety-like behaviors [14-16].
Wu et al. [17] found that the gut flora related to depression
affects the production of SCFAs.

Although the potential health risks of lead exposure are
widespread, the changes in the intestinal microbiome
and SCFAs in the development of lead-induced neuro-
toxicity are unclear. This study used sequencing and gas
chromatography to analyze the composition and relative
abundance of gut flora in lead-exposed rats, along with
changes in the amounts of fecal SCFAs, and Bifidobacte-
rium and Lactobacillus applied as probiotic interventions
in lead-exposed rats, in order to observe the roles of these
probiotics in lead-induced depression. The results of this
study will provide new strategies for the prevention and

treatment of lead-exposed occupational populations.

MATERIAL AND METHODS

Grouping and treatment of experimental animals
Forty-five healthy adult male specific pathogen-free
Sprague Dawley rats (200+10 g) were obtained and bred
in the Experimental Animal Center under the conditions
of 20-26°C, 40-70% relative humidity, and a 12-hour
light and dark cycle, with water provided ad libitum. After
a week of adaptive feeding, the animals were randomly
divided into 3 groups, i.e., the control group, the lead-
exposed group, and the intervention group, with 15 ani-

mals in each group. The rats in the lead-exposed group
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and the intervention group were exposed to a 300 mg/l
lead acetate solution for 24 weeks. In week 17, probiotics
(freeze-dried powder containing Lactobacillus and Bifido-
bacterium: 6 billion live bacteria/2 g, produced by Zhenhe
Biological Company of Shanghai, China) were adminis-
tered to the rats from the intervention group, by gavage,
5 times a week; at least 1.2x10° CFU combined strains
were given to each rat, and doses as high as 4.8x10'° CFU
were administered. The health and activity of the rats were
observed daily, and changes in the body weight and water
intake were recorded weekly. The animal experimen-
tal protocols were reviewed and approved by the Ethics
Committee of the North China University of Science and
Technology (NCUST, China).

Collection of fecal samples

After blood collection, the abdominal cavity of the rat
was dissected, and the intestinal tissue was separated on
a sterilized clean bench. Approximately 300 mg of feces
were removed and placed in 2 sterilized 1.5 ml EP tubes,
and rapidly frozen in liquid nitrogen. One of the 2 sam-
ples was used for the sequencing of the gut microbiota.
The other sample was used to detect the level of SCFAs.

Sucrose preference test (SPT)

The SPT is a measure of a lack of pleasure, as decreased
interest in reward stimulation is a form of neurodepres-
sive behavior. All rats were tested twice. The first test was
to determine the preference for basic sugar water, and
the second test was to determine the influencing fac-
tors. Before the testing experiment, all rats experienced
the adaptive phase. A total of 250 ml of a 1% sucrose solu-
tion was placed in the side of the cage and was changed
to 250 ml of pure water after 24 h. All rats abstained from
drinking for 24 h, which was followed by the beginning of
each baseline test. Each rat was given the choice between
2 weighted bottles, one of a 1% (w/v) sucrose solution and
the other of water. After 2 h, the 2 bottles were weighed

and the total liquid consumption was recorded, including
both the water consumption and the sucrose consump-

tion of each rat. The following formula was used:

percent sucrose intake (%) =
sucrose consumption / (sucrose consumption + (1)

pure water consumption) x 100%.

Forced swim test (FST)

The FST is one of the most common experiments to eval-
uate depression-like behaviors in rodent models. The rats
were put into a cylindrical container (diameter: 20 cm,
depth: 40 cm) with clean water (depth: 25 cm, tempera-
ture: 25+1°C) and forced to swim. Immobility was de-
fined as the absence of all motion with the exception of
movements required to keep the head of the rats above
water. The duration of immobility in the last 4 min of

a 6-minute test was recorded.

Tail suspension test (TST)

The rats were individually suspended in a white plexiglass
box sized 40 x 40 x 40 c¢m, 15 cm from the ground by
the distal end of their tails at 1.5 cm. Immobility was defined
as movement without limb struggle, and the total immobil-

ity time in the last 4 min of a 6-minute test was recorded.

Metagenomic sequencing of the 16S rRNA gene

Fresh intestinal feces of the rats were quickly collected
in a sterilized cryopolymer and stored in a refrigerator
at -80°C. Total DNA extraction of the microbiome, poly-
merase chain reaction (PCR) amplification of the target
fragment, fluorescence quantification of the amplifi-
cation product, and high-throughput sequencing of
the highly variable V4 region of the 16S rRNA gene were
then performed. The V4 region-specific primers were
520F (5-AYTGGGYDTAAAGNG-3’) and 802R (5’-TAC-
NVGGGTATCTAATCC-3’). Then, these obtained se-
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quences were classified by operational taxonomic units
(OTUs) with a 97% threshold of pairwise identity infor-
mation. The representative sequences of each OTU were
used for identification and system analysis. The specific
composition of each sample at different taxonomic levels
(phylum, class, order, family, and genus) was analyzed.
By applying a range of multivariate statistical analysis
tools, differences in the bacterial community structure

between different samples were further analyzed.

Determination of SCFAs in the feces of rats

The composition and concentration of SCFAs in the feces
of the experimental rats were determined by gas chroma-
tography (GC-MS). First, 50 mg of each fecal sample was
accurately weighed and stored; then, 500 pl of the solu-
tion with a pH of 1 was added, and the samples were
extracted with sufficient vortex oscillation for 10 min.
After that, 500 pl of ethyl acetate was added, the sam-
ples were extracted with vortex oscillation for 30 min,
and centrifuged for 10 min at 12000 r/min, and then
the supernatant was collected for measurement. The gas
chromatography conditions were as follows: chromato-
graphic column: FFAP elastic quartz capillary column
(30 mx320 micronsx1 microns); heating procedure: the
initial temperature was 80°C, held for 3 min, then it
was increased to 120°C by increments of 5°C/min, and
held for 6 min; carrier gas: nitrogen, the flow rate was
20 ml/min; inlet temperature: 200°C; injection mode:
shunting (shunting ratio: 10:1); injection amount:
5.0 units; detector temperature: 240°C. Data processing
was carried out in a gas chromatography workstation at
HP Chem Station.

Statistical analysis

The SPSS software v. 23.0 was used for data statistics and
one-way analysis of variance. All the data are expressed
as the mean (M) + standard deviation (SD), and p < 0.05

indicates a significant difference.
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RESULTS

Effects of body weight and water intake

of the experimental rats following lead exposure

and probiotic intervention

The experimental rats were exposed to lead for 24 weeks
via drinking water. The health and activity of the rats
were observed daily, and their weight and water intake
were recorded weekly. As shown in Figure 1a, the weight
of the animals in the lead-exposed group was lower than
in the control group in weeks 14-24, suggesting that lead
exposure caused health problems in the lead-exposed
group. Beginning in week 14, the intervention group
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Figure 1. Changes in a) weight and b) drinking water intake of the rats

following lead exposure and Bifidobacterium and Lactobacillus
intervention, recorded weekly in September 2017, Tangshan, China
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Figure 2. Alteration in depression-like behavior of the rats following lead exposure and Bifidobacterium and Lactobacillus intervention:
a) sucrose preference test, b) forced swim test, and ¢) tail suspension test were used to assess depressive behavior of the rats,

September 2017, Tangshan, China

gained more weight compared to the lead-exposed group,
and the weight gains were different between the 2 groups.
Water intake increased with increasing rat weight, but
there was no significant difference between the lead-ex-

posed group and the control group (Figure 1b).

Alterations in the neurobehavior

of the experimental rats following lead exposure

and probiotic intervention

The SPT mainly investigates whether the experimen-
tal rats lacked pleasure or interest in the stimulation of
reward, which is a depression-like behavior. The FST
recorded the immobility time within the last 4 min of
a 6-minute test, which was used to evaluate the depres-
sive behaviors of rodent models. The TST was also used
to assess the depressive behavior of the rats. In the sugar
water preference test, compared to the control group,
the sugar water intake of the rats in the lead-exposed
group was significantly lower, while that of the inter-
vention group was significantly higher (Figure 2a).
In the FST, compared with the control group, the immo-
bility of the lead-exposed group increased, while that of
the intervention group experienced a significant decrease
(Figure 2b). In the TST, immobility within 2-6 min sig-

nificantly increased in the lead-exposed group relative to

the control group, and that of the intervention group was
significantly shortened compared with the lead-exposed

group (Figure 2c).

Alteration of a-diversity of the gut microbiome

in the experimental rats following lead exposure

and probiotic intervention

To analyze the microbes in the feces of the experimental
rats, 16S rRNA gene sequencing was performed. Among
all the samples, the highest number of OTUs was 1888,
and the lowest was 295. As shown in Figure 3a, the OTUs
of gut microbiota were compared at the phylum, family
and genus levels, and the numbers of OTUs in the lead-
exposed group were significantly higher than those in
the control group and the intervention group. A total
of 28 098 sequences were randomly selected to statisti-
cally analyze the diversity index at a 97% similarity level
of the fecal flora, and the Chaol index and the Shannon
index reflected the abundance and evenness, respectively.
The Chaol index and the Shannon index were compared
between the control group, the lead-exposed group and
the intervention group, and the differences between
the groups were significant (Figure 3b and 3c). These
data showed that the diversity of the gut microbiota sig-

nificantly increased in the lead-exposed rats relative to
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Figure 3. Diversity index of gut microbiota of the rats following lead exposure and Bifidobacterium and Lactobacillus intervention: a) the operational
taxonomic units (OTUs) of the intestinal flora in feces from rats, b) the Chao1 index at a 97% similarity level of the fecal flora data, c) the Shannon index
ata 97% similarity level of the fecal flora data, d) principal coordinates analysis of the similarity of 0TUs and the richness of gut flora,

September 2017, Tangshan, China

the control group, while Bifidobacterium combined with

Lactobacillus intervention mitigated this effect.

Changes in p-diversity of the gut microbiota

in the experimental rats following lead exposure

and probiotic intervention

To further analyze the difference in the fecal microbial di-

versity in the experimental rats, OTUs information of each
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sample was analyzed with a weighted UniFrac distance
matrix. Principal coordinates analysis was based on the
weighted UniFrac distance matrix and focused on describ-
ing the differences in the samples caused by the change
in the abundance of community members. As shown in
Figure 3d, the similarity of OTUs and the richness of flora
in the control group, the lead-exposed group and the inter-
vention group could be significantly distinguished.
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Effects of the relative abundance

of the gut microbiome in the experimental rats
following lead exposure and probiotic intervention
According to the classification of OTUs, 16S rRNA se-
quencing was performed on microbial DNA from
the feces of the experimental rats, and the composition
of the gut microbiota of these rats was determined at
the phylum, family and genus levels.

At the phylum level, the microbial community structure
and relative abundance of the lead-exposed group and
the control group are shown (Figure 4a and 4b). There was
a significant difference between the lead-exposed group
and the control group. Compared with the control group,
the abundances of Bacteroidetes (15.21% vs. 6.13%) and
Proteobacteria (9.59% vs. 7.60%) in the lead-exposed
group significantly increased, while the Firmicutes abun-
dance decreased (72.11% vs. 78.96%). There were sig-
nificant differences between the lead-exposed group and
the intervention group, and that difference was statisti-
cally significant.

At the family level, the microbial community structure
and relative abundance of the lead-exposed group and
the control group are shown (Figure 4c and 4d), and there
was a significant difference between the lead-exposed
group and the control group. Compared with the con-
trol group, the abundances of Lactobacillus (2.02% vs.
27.5%), Spirochaetes (1.16% vs. 4.08%) and Turicibac-
terales (0.1% vs. 3.13%) in the lead-exposed group sig-
nificantly decreased. In turn, Ruminococcaceae (27.47%
vs. 14.49%), Clostridium (27.97% vs. 10.33%), and s24-7
(10.8% vs. 4.32%) were significantly more abundant in
the lead-exposed group. The number of Spirobacteria sig-
nificantly increased in the intervention group.

At the genus level, the microbial community structure
and the relative abundances of bacteria in the lead-ex-
posed group and the control group are shown (Figure 4e
and 4f). There was a significant difference between
the lead-exposed group and the control group. Compared

with the control group, the abundances of Lactobacillus
(2.08% vs. 29.5%) and Spirobacteria (1.96% vs. 4.06%) in
the lead-exposed group significantly decreased. However,
Clostridium difficile (69.58% vs. 46.66%) and Bacteroidetes
(15.21% vs. 6.12%) were significantly more abundant. The
abundance of the gut flora significantly increased after

probiotic intervention.

Changes in fecal SCFAs in the experimental rats
following lead exposure and probiotic intervention
The composition and concentration of fecal SCFAs, in-
cluding acetic acid (Figure 5a), propionic acid (Figure 5b),
isobutyric acid (Figure 5¢), butyric acid (Figure 5d), va-
leric acid (Figure 5e) and isovaleric acid (Figure 5f), were
determined through gas chromatography. Compared
with the control group, the amounts of fecal acetic acid,
propionic acid and butyric acid were significantly de-
creased in the lead-exposed group, while isobutyric acid,
valeric acid and isovaleric acid in each group were not
significantly different. Compared with the lead-exposed
group, the amounts of fecal acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid and isovaleric
acid in the Bifidobacterium combined with Lactobacillus

intervention group were significantly increased.

DISCUSSION

Depression-like behavior is a common manifestation of
emotional disorders, including depression, anhedonia,
pessimism, anorexia, severe cognitive impairment, and
even suicide [18]. It is known that lead exposure impacts
on behavior causing depression, anxiety, and aggressive-
ness [19]. Although it is generally believed that the rich-
ness and diversity of gut microbiota are related to neu-
rological damage, little research has been conducted on
the changes in gut microbiota in neurobehavioral disor-
ders following lead exposure.

The present study analyzed the depression-like behaviors,
the changes of gut microbiota and fecal SCFAs in lead-
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Figure 5. The short-chain fatty acids (SCFAs) levels: a) acetic acid, b) propionic acid, ¢) isobutyric acid, d) butyric acid, e) valeric acid, and f) isovaleric acid,
in the experimental rats following lead exposure and Bifidobacterium and Lactobacillus intervention, September 2017, Tangshan, China

exposed rats, and the effects of probiotic intervention in
this model. Neurobehavior tests showed that lead exposure
induced depression-like behavior in rats, accompanying
changed structures and the phylogenetic diversity of gut
microbiota and altered levels of SCFAs. Moreover, the de-
pression-like behaviors, the changes in gut microbiota and
SCFAs could be mitigated by probiotic intervention. The ob-
tained results provided new evidence supporting the regu-
lations between gut microbiota and depression-like behav-
iors, and new possible mechanism underlying neurotoxicity
related to lead exposure. Moreover, this study suggested that
probiotic intervention may be used as an adjuvant treat-
ment method for neurobehavioral changes caused by occu-
pations and exposure to environmental factors.

Several studies have proven that gut microbiome regulates

the development and function of the brain, and the micro-

biome-gut-brain axis works in the interactions between in-
testinal bacteria and the nervous system through neuroim-
mune and neuroendocrine pathways [20]. Through the bi-
directional communication system, not only the physiolog-
ical functions of the intestinal tract, including movement,
secretion and immune functions, but also the brain func-
tions and behaviors could be affected [21]. Gut microbiota
disorders are associated with the occurrence of many neu-
rological diseases, including depression [22,23].

Some studies have reported that mice spontaneously
develop depression-like behaviors after fecal transplan-
tation from depressed patients to germ-free (GF) mice,
indicating that depression-like behaviors in mice are
closely related to the gut microbiome [24]. Xie Peng’s
team applied cefoxitin, vancomycin and other antibiot-

ics to clear the gut microbiome in mice and to simulate

1JOMEH 2022;35(1)
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GF mice, and found that GF mice exhibited anxiety and
depression-like behaviors, and also that this anxiety could
be reversed after recolonization of normal flora, while de-
pression-like behaviors could not be reversed [25]. Jiang
et al. [26] studied the correlation between depression and
the alteration of microbial diversity in human intestinal
microflora. They found that there was a significant differ-
ence in the composition of intestinal microflora between
depressed patients and healthy people, and that the Shan-
non index was significantly increased in the former
group [26]. This finding is consistent with the results
presented in this article. Lead exposure in rats induced
changes in gut microbiota structures, intestinal micro-
flora diversity alternations, and the increase in the Chaol
index and the Shannon index.

Besides, the authors found that probiotics, Lactobacillus
and Bifidobacterium, showed alleviated effects on the lead-
induced depression-like behavior and changes in gut mi-
crobiota. It had been reported before that probiotics could
stimulate nerve tissue and affect the intestinal and mental
health of the host, indicating the effect of probiotics on
neuropsychiatric diseases such as depression. The num-
bers of Lactobacillus and Bifidobacterium significantly de-
creased in the intestinal tract of depressed people, suggest-
ing their functions in depression, and Lactobacillus and
Bifidobacterium supplementation might relieve depres-
sion [27]. In rat models where the mother and the infant
are separated, treatment with Bifidobacterium can allevi-
ate depression-like behaviors. Feeding Bifidobacterium
longum and Lactobacillus helveticus to rats with myocar-
dial infarction, accompanied by depression-like behavior,
could reduce the depression-like behavior and the expres-
sion of certain inflammatory factors, while also improving
the permeability of the intestinal mucosa [28].

Although the authors observed alleviated depression-like
behaviors in the Lactobacillus and Bifidobacterium in-
tervention group, and the changes in the gut microbiota

structure and diversity, the results showed that the abun-
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dance of Lactobacillus significantly decreased in the lead-
exposed group and increased after probiotic intervention,
while the probiotic supplement did not increase the abun-
dance of Bifidobacterium. This finding may suggest that
Bifidobacteria do not easily colonize the intestines of rats
but can promote the rebalancing of gut microbiota.

Another important function of the gut microbiome is to pro-
duce SCFAs, which affect a series of host processes, includ-
ing energy utilization, microbial signaling, and pH changes
in the colon, thereby affecting the composition of the gut
microbiome and intestinal movement [29]. Studies have re-
ported that Phascolarctobacterium, Roseburia, Blautia, Fae-
calibacterium, Clostridium, Subdoligranulum, Ruminococcus
and Coprococcus in the phylum Firmicutes, as well as bacte-
ria from Bacteroidetes, all have the ability to produce SCFAs
by fermentation in the human intestinal tract. Generally,
SCFAs are considered to play an important role in maintain-
ing human health [30]. Despite their potentially critical role
in the microbiome-gut-brain axis, studies directly linking
these acids to neuropsychiatric disorders are relatively rare,
and the results are inconsistent or even contradictory.

The results obtained in this study show that Bacteroides,
Clostridium and Ruminococcus, which can produce
SCFAs, obviously increased in abundance in the lead-
exposed group, which might be related to the chronic
stress of experimental rats following lead exposure. After
intervention with Lactobacillus combined with Bifido-
bacterium, the abundance of Spirobacteria significantly
increased, and fecal SCFAs also increased and alleviated

the depression-like behavior of the lead-exposed rats.

CONCLUSIONS

Depression related to lead exposure is associated with
changes in both gut microbiota and the levels of fecal
SCFAs. Probiotic intervention can relieve the depression-
like behavior of lead-exposed rats and affect the altera-
tion of the gut microbiome, while the fecal SCFAs could

be a possible adjuvant therapy of depression.
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