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Abstract
Developmental lead (Pb) exposure involves various serious consequences, especially leading to neurotoxicity. In this study, we
examined the possible role of monosialoganglioside (GM1) in lead-induced nervous impairment in the developing rat. Newborn male
Sprague-Dawley rat pups were exposed to lead from birth for 30 days and then subjected to GM1 administration (0.4, 2, or 10 mg/kg;
i.p.) or 0.9% saline. The results showed that developmental lead exposure significantly impaired spatial learning and memory in the
Morris water maze test, reduced GM1 content, induced oxidative stress, and weakened the antioxidative systems in the hippocampus.
However, co-treatment with GM1 reversed these effects. Moreover, GM1 counteracted lead-induced apoptosis by decreasing the
expression of Bax, cleaved caspase-3, and by increasing the level of Bcl-2 in a dose-dependent manner. Furthermore, we found that
GM1 upregulated the expression of SIRT1, CREB phosphorylation, and BDNF, which underlie learning and memory in the lead-
treated developing rat hippocampus. In conclusion, our study demonstrated that GM1 exerts a protective effect on lead-induced
cognitive deficits via antioxidant activity, preventing apoptosis, and activating SIRT1/CREB/BDNF in the developing rat hippocam-
pus, implying a novel potential assistant therapy for lead poisoning.
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Introduction

Lead (Pb) is an environmental neurotoxin; the presence of which
is inevitable in air, soil, diet, and daily necessities [1]. In animals,
it has been shown that lead has toxicological effects on multiple
organs, including the liver, kidney, lung, bone, blood, testis, and
especially on the developing central nervous system (CNS)
[2–7]. Epidemiological researches have shown that developmen-
tal lead exposure is associated with intellectual deficits accompa-
nied by abnormality of synapse function in children [8]. There
were significant negative associations between school

performance and intelligence quotient (IQ)with blood lead levels
in children, even in the range of 5–50 μg/L [9]. In addition,
developmental lead exposure also might be a risk factor for neu-
rodegenerative disorder in late life by the animal test [10, 11].
Clinically, chelation therapy is typically adopted to exclude lead,
which inevitably causes the loss of trace elements from the bod-
ies of children. Thus, there is an urgent need to explore novel
therapeutic strategies for lead poisoning.

Silent information regulator 2 homolog 1 (SIRT1), one of the
nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylases, plays a pivotal role in DNA damage responses,
glucose and lipid metabolism, and transcription through
deacetylation of transcription factors and histones [12]. The acti-
vation of SIRT1 can inhibit the generation of reactive oxygen
species (ROS) via modulation of p53 and the forkhead O
(FOXO) family [13]. Recently, a novel pathway was proposed
in which SIRT1mediates the expression of cyclic AMP response
element binding protein (CREB) and brain-derived neurotrophic
factor (BDNF) by limiting the level of miR-134 through
interacting with a repressor complex containing the transcription
factor YY1 to modulate memory formation and synaptic plastic-
ity [14]. Of note, CREB belongs to the family of CREB/

* Chong-Huai Yan
yanchonghuai@xinhuamed.com.cn; yanch@shkeylab-ceh.org

1 MOE-Shanghai Key Laboratory of Children’s Environmental
Health, Xinhua Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine, Shanghai 200092, People’s Republic of China

2 State Key Laboratory of Bioreactor Engineering and Shanghai Key
Laboratory of New Drug Design, School of Pharmacy, East China
University of Science and Technology, Shanghai 200237, People’s
Republic of China

Biological Trace Element Research (2019) 190:425–436
https://doi.org/10.1007/s12011-018-1569-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-018-1569-6&domain=pdf
mailto:yanchonghuai@xinhuamed.com.cn
mailto:yanch@shkeylab-ceh.org


activating transcription factors (ATF), which is targeted by non-
coding small RNA and a large number of activity-inducible ki-
nases, including protein kinase A, mitogen-activated protein ki-
nase, andCa2+/calmodulin-dependent protein kinases [15]. As an
essential transcription factor, CREB is a molecular switch in
learning and memory that regulates an array of brain-specific
coding genes, including BDNF, c-fos, and activity-regulated cy-
toskeleton-associated protein (Arc), which are required for the
process ofmemory formation and consolidation in the brain [16].

Monosialoganglioside (GM1), consisting of a sialic acid–
containing oligosaccharide chain and a ceramide unit, is wide-
ly distributed in vertebrates with high expression in the central
nervous system (CNS) [17]. GM1 was shown to exert signif-
icant benefits in stroke, hypoxic-ischaemic encephalopathy
(HIE), Alzheimer’s disease (AD), Parkinson’s disease (PD),
and Huntington’s disease (HD) [18–22]. Supplementation
with exogenous GM1 at nanomolar concentrations protected
PC12 cells from ROS induced by H2O2 [23]. GM1 can partly
inhibit benzo[a]pyrene-induced apoptosis and oxidative stress
by modulation of iron transportation and intracellular acidifi-
cation [24]. In addition, GM1 occurs in a high-affinity associ-
ation with neurotrophic factor receptors, such as TrkA, TrkB,
and Ret, mediating neurotrophin modulation and neuroprotec-
tion [25–27], which serves to preserve the viability of injured
nerves. However, less has been reported about the effect of
GM1 on neurotoxicity induced by lead, and it has been dem-
onstrated that GM1 administration can alleviate the impair-
ments of LTP/DP on synaptic plasticity and calcium overload
induced by lead in rats [28]. However, whether GM1 im-
proves lead-induced cognitive deficits in behavior research
remains questionable, and the underlying molecular mecha-
nisms of these effects are still not understood.

Considering the above mentioned findings, we hypothe-
sized that GM1 may play a multi-faceted protective role in
lead-induced neurotoxicity. Using a combination of behavior
and molecular biology paradigms, we analyzed the effects of
GM1 in the hippocampus of developing rats exposed to lead.
This study provided a new perspective on GM1 and explored
a new potential therapy for lead poisoning.

Materials and Methods

Animals and Ethics Statement

A total of 45 SPF grade Sprague-Dawley rats (30 females and
15 males, 8 weeks old) were purchased from the China
National Laboratory Animal Resource Centre (Shanghai,
China) and were housed under conditions of adequate temper-
ature (22 ± 2 °C) and humidity (50 ± 5%) with a 12-h light/12-
h dark cycle. Food and distilled water were available ad
libitum. All procedures involving animal models and treat-
ments were carried out in strict accordance with the

international standards of animal care guidelines, and the ex-
periments were approved by the Institutional Animal Care
Committee at Shanghai Jiao tong University School of
Medicine.

Experimental Design and Treatment

After 1 week of acclimatization, 15 male rats were randomly
mated at a 1:2 ratio of male to female. Vaginal smears (or
vaginal plugs) were taken to indicate the first day of pregnan-
cy. Then, all 30 pregnant rats were divided into six groups by
body weight randomly with five rats each group: (1) control
group, (2) Pb group, (3) Pb + GM1 (0.4mg/kg), (4) Pb + GM1
(2 mg/kg), (5) Pb + GM1 (10 mg/kg), (6) control + GM1
(10 mg/kg). All pregnant rats were housed individually and
given distilled water during the gestation period. After deliv-
ery, the control group and control + GM1 (10 mg/kg) group
were still served with distilled water, while the other four
groups received 0.2% lead acetate (Sigma-Aldrich, USA) in
drinking water ad libitum. After weaning, mother rats and
female pups were euthanized, and male pups were randomly
selected and grouped with 20 rats each group for further ex-
periments (n = 20). Monosialoganglioside sodium for injec-
tion (TRB, AR) was intraperitoneally injected into male pups
at three dosages (0.4 mg/kg, 2 mg/kg, and 10 mg/kg, respec-
tively, PND 21) for 10 days, while the pups in the control
group and the control + GM1 (10 mg/kg) received an equal
volume of saline (0.9% NaCl) at the same time points. For
biochemical and histochemical studies, the pups (n = 14) were
randomly selected and anesthetized on PND 31 by injection of
sodium pentobarbital (50 mg/kg, i.p.). Whole blood samples
were collected into anticoagulant tubes for lead level determi-
nation. The brains were removed and fixed in 4% paraformal-
dehyde solution overnight at 4 °C. The hippocampus samples
were quickly separated from brain samples in an ice bath and
stored at − 80 °C for further use. Then, the remaining pups
(n = 6) were subjected to behavioral tests, which were con-
ducted at 08:00 for 6 days. After that, all pups were eutha-
nized. The timeline about our experimental procedures can be
seen in Fig. 1.

Morris Water Maze Task

After 10 days of treatment, the Morris water maze was con-
ducted to evaluate the spatial learning and memory of the
developing rats in all groups according to a procedure from
the literature [29]. The apparatus consists of a video camera
and a circular pool with a diameter of 120 cm and a height of
50 cm. The procedure consisted of a navigation test with four
trials per day for 5 consecutive days and one spatial probe test
on the sixth day. The water was made opaque with edible
melanin and was heated to 23 °C the night before trials. In
the navigation test, rats were launched in different start points
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of four quadrants facing the wall of the pool and trained to
reach the hidden platform within 60 s at an interval of 15 min
between two consecutive tests. If the rat failed, the escape
latency was recorded as 60 s, and the failed rat was guided
to the platform to rest gently for 30 s the same as for the
completed rats. After each trial, rats were towel dried and
warmed using a heater. On the 6th day, trained rats were sub-
jected to a 60-s spatial probe test in which the platform was
removed from the target quadrant. The escape latency, time
spent in the target quadrant, time to first platform crossing, and
the number of platform crossings were recorded. All tests
were recorded by a video camera and the data were generated
by water maze software (XinRuan Information Technology
Co., Ltd., China).

Determination of Lead Contents in the Blood
and Hippocampus

On PND 21 and PND 31, venous blood from the tails was
collected into tubes containing EDTA-2K for lead analysis.
The blood lead level (μg dL−1) was measured at the wave-
length of 283.3 nm by a graphite furnace atomic absorption
spectrophotometer PinAAcle 900Z (PekinElmer Company,
Waltham, MA). The method for the determination of blood
lead was previously described [30]. Briefly, a quality control
(QC) test (Contox, Kaulson Laboratories, Inc., NJ, USA) was
conducted to check the accuracy of the calibration curve (r2 >
0.995) before the measurement of samples. After that, all sam-
ples were diluted with working solution containing 0.2% nitric
acid and 0.5% triton and were analyzed twice to ensure repeat-
ability and stability of the results. Only when the SD met the
requirements was the mean of two repeated measurements
recorded.

On PND 31, the pups were anesthetized, then the bilateral
hippocampus was immediately separated after decollation.
The hippocampus was precisely weighed and placed in mi-
crowave digestion vessels. To every specimen, we added
0.2 mL of nitric acid and 0.2 mL of hydrogen peroxide in
the proper sequence, while the blank (deionized water) and
the quality control were set up with the same processing

method. A microwave digestion instrument (CEM, USA)
was used to digest the hippocampus specimens with the
abovementioned strong oxidation system. When digestion
was completed, on cooling to room temperature, 2 mL 2%
nitric acid was added to the solution and the mixture was
transferred to a micro-centrifuge tube. All pretreated samples
were stored at 4 °C prior to analysis. The lead content in the
hippocampus was determined by a 7500CE ICP-MS (Agilent
Technologies, USA).

Assay of Oxidative Stress Markers
in the Hippocampus

The hippocampal tissue was precisely weighed and homoge-
nized in ice-cold homogenizing buffer (pH 7.4, 0.01 mol/L
Tris-HCl, 0.0001mol/L EDTA-2Na, 0.01mol/L sucrose 0.8%
NaCl solution) by ninefold volume (w/v) using a motor-driven
homogenizer. After centrifugation at 3000 rpm for 10 min, the
supernatants were collected. The protein concentrations of
extracts were quantified immediately using a BCA protein
assay kit (Beyotime Institute of Biotechnology, China).

The activity of total superoxide dismutase (T-SOD), cata-
lase (CAT), and the levels of glutathione (GSH),
malondialdehyde (MDA) in hippocampal tissue were assayed
by a superoxide dismutase (SOD) assay kit (WST-1 method),
catalase activity (CAT) assay kit (visible light), reduced glu-
tathione (GSH) assay kit, and malondialdehyde (MDA) assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), respectively, according to the manufacturer’s instruc-
tions [31–33].

Protein Extraction and Immunoblotting

The hippocampal tissue was homogenized in ice-cold lyses
buffer (RIPA) (Beyotime, Shanghai, China), and let stand for
30 min. After centrifugation at 1200g for 10 min at 4 °C, the
supernatant was collected. The protein concentrations were
measured immediately using the BCA protein assay kit
(Beyotime, Shanghai, China). After denaturation, the samples
were separated by 8–15% SDS/PAGE gel electrophoresis and

Fig. 1 Timeline of experimental procedures. Newborn pups in the lead-
treated group were exposed to lead from PND 0 to PND 31 via two
different exposure pathways. After being weaned, GM1 or saline (i.p.)
was administrated until PND 31. Then, 14 rats of each group were

selected randomly and sacrificed for neurochemical analysis. The behav-
ioral tests were performed on the remaining pups to evaluate cognitive
ability, as described (n = 6). Whole blood was obtained on PND 21 and
PND 31, and all tissue samples were collected from PND 31
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then transferred to a 0.2-μm nitrocellulose membrane (GE
Healthcare GmbH, Freiburg, Germany). Following blocking
with 5% nonfat milk in Tris-buffered saline (TBST) for 1 h,
membranes were incubated with primary antibody against
Bax (1:1000; Beyotime, China), Bcl-2 (1:500; Absin,
China), cleaved caspase-3 (1:1000; CST, USA), SIRT1
(1:500; Boster, China), CREB (1:1000; CST, USA), p-
CREB (1:1000; CST, USA), and BDNF (1:1000; Abcam,
UK) overnight at 4 °C. On the second day, the membranes
were washed three times for 10 min in TBST before incuba-
tion with appropriate secondary horseradish peroxidase–
linked (HRP) antibodies (1:2000) at room temperature for
2 h. Finally, the bands were detected using a ChemiDoc
XRS+ Imaging System (Bio-Rad, USA) and the gray level
of each band was measured using ImageJ software.

Nissl Staining

After being fixed in 4% paraformaldehyde solution (24 h),
brains were preserved by paraffin embedding and cut into
4-μm sections. To assess the status of neurons, the brain slices
were deparaffinized in xylene followed by rehydration with
graded ethanol from 100 to 70%, and washed with dd H2O.
The slides were immersed in cresyl violet stain for 5 min,
rinsed in dd H2O, differentiated in 1% acetic acid, rinsed in
ddH2O again, and dried. Finally, the slices weremountedwith
cover slips. Then, the slices were visualized and pictured
using an imaging system (NIKON DS-U3, Japan).

Immunohistochemistry

To compare the effects of lead and GM1 administration on
the expression of BDNF in the developing rat hippocam-
pus, immunohistochemistry was conducted. The brain
slides were deparaffinized and processed for antigen re-
trieval using citrate buffer (pH 6.0) in a microwave oven
(8 min, 7 min). Once naturally cooled, slides were washed
three times with PBS (pH 7.4) for 5 min each. Then,
these slides were immersed in 3% hydrogen peroxide
(H2O2) and washed with PBS (pH 7.4) for quenching of
endogenous peroxidase activity. After being blocked with
3% BSA, these slides were incubated with specific prima-
ry ant ibodies (ant i -BDNF) overnight at 4 °C.
Subsequently, the slides were washed three times and in-
cubated with horseradish peroxidase–conjugated secondary
antibody. After that, they were visualized using DAB and
counterstained with hematoxylin, dehydrated using gradi-
ent alcohol and xylene, then mounted in mounting medi-
um. Images were obtained using a digital microscope
(Leica, Microsystems, Berlin, Germany). Positive staining
was defined as brown pigmentation and nuclei were
stained blue.

Immunofluorescence

Immunofluorescence staining was used for the assess-
ment of the changes of GM1. Paraffin sections were
deparaffinized and processed for antigen retrieval using
citrate buffer (pH 6.0). Once naturally cooled, the slides
were washed in PBS (pH 7.4) three times before being
blocked in BSA for 30 min and incubated in primary
antibody against GM1 in a humid chamber overnight at
4 °C away from light. Then a fluorescent-labeled second-
ary antibody was incubated at room temperature.
Following clearing, the slides were counterstained with
DAPI for 10 min at room temperature away from light.
Finally, the slides were mounted in mounting medium.
Images were obtained using a fluorescence microscope
(Leica, Microsystems, Berlin, Germany).

Statistical Analysis

All statistical analyses were processed using SPSS 22 statisti-
cal software (IBM, NY, USA) and all results are presented as
the mean ± SD. The escape latency data from navigation tests
were analyzed using two-way repeated measures ANOVA
(days and treatment). The Spatial probe test and other data
were analyzed using one-way ANOVA followed by Tukey’s
post-hoc test. Differences were considered to be significant at
P ≤ 0.05.

Results

The Effect of GM1 on the Lead Concentration inWhole
Blood and Hippocampal Tissue

The blood samples were collected on PND 21 and PND
31 to address the efficacy of GM1 in lowing blood lead.
Hippocampal lead concentrations were measured after eu-
thanasia. The lead concentrations in whole blood and hip-
pocampus in developing rats are shown in Fig. 2. The
results showed a significant increase in blood lead levels
in the lead-treated group compared to those of the control
group on PND 21 (P < 0.001, Fig. 2a) and the blood lead
levels in all groups were not significantly different before
and after treatment (P > 0.05, Fig. 2a). Moreover, no sig-
nificant difference was found in hippocampus lead levels
among the Pb group and the Pb + GM1 groups (P > 0.05,
Fig. 2b). These results indicated that lead exposure could
significantly increase blood and hippocampal lead levels
in developing rats, and GM1 did not exclude lead,
reflecting the high levels of lead in whole blood and
hippocampus.
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GM1 Ameliorated Spatial Learning and Memory
Deficits in Lead-Exposed Rats

The effects of GM1 on lead-induced learning memory and
cognitive deficits were evaluated by Morris water maze test
on PND 31. The swimming path, escape latency, time to first
platform crossing, time spent in target quadrant, crossing
numbers, and speed were recorded for analysis. The results
were summarized in Fig. 3. Two-way ANOVA indicated a
significant day effect [F(4,120) = 561.407, P < 0.001] and a sig-
nificant interaction between days and treatment [F(20,120) =
9.327, P < 0.05]. The analysis showed that lead exposure sig-
nificantly delayed the escape latency in the Pb group and this
spatial memory impairment was remarkedly reversed by GM1
after 10-day treatment. Of note, our study also discovered that
GM1 administration led to an extra improvement in the con-
trol + GM1 (10 mg/kg) group which displayed shorter escape
latencies from day 1 to day 3, comparedwith the control group
(untreated) in Morris water maze test(Fig. 3a). On the 6th day
of the probe trial, as illustrated in Fig. 3b, rats in the Pb + GM
(10mg/kg) group show increased crossing numbers compared
with those in the Pb group (P < 0.05), but there was no statis-
tical significance in crossing numbers between the control
group and Pb group, although we noted a certain trend.
Moreover, compared with the control group, the rats in the
Pb group showed a remarkable prolongation in time to first
platform crossing (P < 0.001, Fig. 3c), while they spent less
time in the target quadrant (P < 0.001, Fig. 3d). Interestingly,
these negative effects caused by lead were significantly ame-
liorated by GM1 treatment in a dose-dependent manner (Fig.
3c, d). No significant difference (P > 0.05) was found in the
swimming speed among the all groups, reflecting that the
treatments of Pb and GM1 did not affect athletic performance,
and all the rats had similar locomotor activity (Fig. 3e). The
representative trajectories for each group of developing rats in

probe trials are shown in Fig. 3f. All these results indicated
that lead exposure could cause severe impairments in spatial
memory and memory retention of developing rats which was
remarkably ameliorated by GM1 treatment.

GM1 Attenuated Pb-Induced Neuropathological
Changes and the Loss of Endogenous GM1
in the Developing Rat Hippocampus

The neuronal morphology changes in hippocampus after treat-
ments were revealed by Nissl staining. As shown in Fig. 4a,
compared with pyramidal neurons in the CA1 region of the
control group, there were significant neuropathological
changes, including Nissl bodies loss, unclear cell margins,
and nucleus shrinkage in the Pb group. However, the status
of pyramidal neurons was significantly improved in GM1-
treated groups. In addition, to evaluate the effects of lead ex-
posure on the expression of GM1, immunofluorescence stain-
ing was conducted. As shown in Fig. 4b, GM1 in the hippo-
campus content was remarkably decreased in the Pb group
compared to the control group. As expected, GM1 adminis-
tration prevented this reduction at a high dose (10 mg/kg).
There was a significant elevation in the control + GM1
(10 mg/kg) group compared with the control group, suggest-
ing that an exogenous supply of GM1 could improve the con-
tent in the brain.

GM1 Inhibited Lead-Induced Oxidative Stress
in Developing Rat Hippocampus

To evaluate the potentials of GM1 in ameliorating lead-
induced antioxidant system impairments in the developing
rats, various antioxidant enzyme activities, such as T-SOD,
CAT, GSH, and MDA were measured. As shown in Fig. 5,
between groups comparisons indicated that lead exposure

Fig. 2 Effects of GM1 on lead concentrations in whole blood and
hippocampus. a Lead concentrations in blood were measured on PND
21 (pre-treatment) and PND 31 (post-treatment). b Lead concentrations in

hippocampus were measured on PND 31. All values are expressed as the
mean ± SD, n = 6, ***P < 0.001 compared to the control group
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significantly decreased the activities of T-SOD and CAT, as
well as GSH levels in the Pb group compared to the control
group (P < 0.001 for T-SOD and GSH, P < 0.01 for CAT,
Fig. 3a–c), whileMDA levels were remarkably increased after
lead exposure (P < 0.001, Fig. 3d). Interestingly, GM1 treat-
ment led to a reversal of low levels of antioxidant enzymes
activities (T-SOD, CAT), GSH, and an increase in MDA

levels induced by lead in a dose-dependent manner. There
were no significant difference in MDA, GSH levels, and an-
tioxidant enzyme activities (T-SOD, CAT) between the Pb +
GM1 (10 mg/kg) group and the control group (P > 0.05). In
summary, these results suggested that GM1 administration to
lead-exposed rats abolished the negative changes to the anti-
oxidant system induced by lead exposure.

Fig. 3 Effects of GM1 on lead-induced spatial learning and memory
deficits of developing rats in the Morris water maze. a Escape latency
of the five acquisition training days for developing rats of each group. b
Crossing numbers. c, d Time to first platform and the percentage of time
spent in target quadrant of each group during the probe test. e Swimming

speed on the first day of the acquisition training. f Representative trajec-
tories of swimming rats during the probe test. All values are expressed as
the mean ± SD, n = 6. *P < 0.05, **P < 0.01, ***P < 0.001 compared to
the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to the Pb
group
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Fig. 5 Effects of GM1 on the levels of oxidative stress markers in the
hippocampus of lead-treated rats. a T-SOD activity, b CAT activity, c
GSH levels, and d MDA levels were detected in the hippocampus. All

values are expressed as the mean ± SD, n = 6. *P < 0.05, **P < 0.01,
***P < 0.001 compared to the control group; #P < 0.05, ##P < 0.01,
###P < 0.001 compared to the Pb group

Fig. 4 Effects of GM1 on lead-induced neuropathological changes and
the loss of endogenous GM1 in the hippocampus. Neuronal morphology
changes in the developing rat hippocampal CA1 region in all groups were
detected by Nissl staining. a Representative images for Nissl staining of
hippocampus in the control group, Pb group, Pb + GM1 (0.4 mg/kg), Pb

+ GM1 (2mg/kg), Pb + GM1 (10 mg/kg), and control + GM1 (10mg/kg)
groups (× 400, bar = 50μm). b, cRepresentative and quantitative analysis
of GM1 expression in the hippocampus (× 400, bar = 50 μm). All values
are expressed as the mean ± SD, n = 5. *P < 0.05, **P < 0.01 compared to
the control group; ##P < 0.01 compared to the Pb group
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GM1 Reversed the Changes in Expression
of Lead-Induced Apoptosis-Related Proteins
in the Hippocampus

To analyze whether the amelioration effect of GM1 was
related to inhibiting apoptosis caused by lead, the expression
of apoptosis-related proteins Bax, Bcl-2, and cleaved
caspase-3 were examined by Western blotting. As shown
in Fig. 6, compared with the control group, the expression
of the Bax and cleaved caspase-3 was significantly increased
(Fig. 6b, d) (P < 0.001, P < 0.05, respectively), whereas the
expression of Bcl-2 was decreased in the Pb group (Fig. 6c)
(P < 0.001). However, a significant decline of Bax and ele-
vation of Bcl-2 were shown in the group co-treated with
lead and GM1 compared to the Pb group. In addition,
ANOVA analysis showed that there was a significant differ-
ence in the levels of Bcl-2 expression between the control
group and the control + GM1 (10 mg/kg) group (P < 0.05),
which means that GM1 administration may induce Bcl-2
protein to be highly expressed. Together, these results con-
firmed that GM1 could significantly inhibit lead-induced
apoptosis in the hippocampus of developing rats.

GM1 Elevated the Expression of SIRT1, CREB
Phosphorylation, and BDNF in the Hippocampus

Considering the fact that SIRT1, CREB, and BDNF
play a role in neural survival and synaptic plasticity,
Western blotting was conducted to detect the expression
of these proteins. As shown in Fig. 7, the expression of
SIRT1, CREB phosphorylation, and BDNF in the hip-
pocampus of the lead-treated group was markedly de-
creased compared with that of the control group (Fig.
7c–e) (P < 0.05, P < 0.01, and P < 0.05, respectively).
However, the downregulation of these proteins was sig-
nificantly inhibited by GM1 administration in a dose-
dependent manner. Meanwhile, immunohistochemical
staining of BDNF showed the same trend as Western
blotting (Fig. 7f). Furthermore, ANOVA analysis
showed that there was a significant difference in the
levels of SIRT1 expression between the control group
and the control + GM1 (10 mg/kg) group (P < 0.001),
which suggested that GM1 administration may promote
the SIRT1 protein to be highly expressed in the hippo-
campus of developing rats (Fig. 7c).

Fig. 6 Effects of GM1 on the expression of apoptosis-related proteins in
the hippocampus of lead-treated rats. a–d Representative Western blot
and quantitative analysis of Bax, Bcl-2, and cleaved caspase-3 in the

hippocampus. All values are expressed as the mean ± SD, n = 3.
*P < 0.05, **P < 0.01, ***P < 0.001 compared to the control group;
##P < 0.01, ###P < 0.001 compared to the Pb group
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Discussion

As a susceptible group, children are always the most vulner-
able to lead exposure. In recent years, great attention has been
paid to studying the correlation between developmental lead
exposure and offspring health implications, especially for the
nervous system in young ones. In this study, we demonstrated
that GM1 exerts an ameliorative role in lead-induced neuro-
toxicity in the developing rat hippocampus. These beneficial
effects of GM1, which are based on the elevation in GM1
expression, suppression of oxidative stress, anti-apoptosis,
and neurotrophic action via activating the SIRT1/CREB/

BDNF pathway, lead to a definite improvement in animal
behavior.

Lead is a common environmental pollutant that can be
absorbed into the blood stream quickly through the intestines,
respiratory tract, and skin. Due to children’s unique explorato-
ry behaviors (hand-to-mouth, object-to-mouth), stature, living
zones, and immature physiological functions, the health ef-
fects of lead exposure in childhood are greater than at any
other stage. To investigate the effects of lead exposure on early
life, we established an animal model that exposed pups to lead
after birth. In our study, we found that GM1 cannot lower the
concentrations of lead in the blood and hippocampus of the

Fig. 7 Effect of GM1 on the expression of SIRT1, CREB
phosphorylation, and BDNF in the hippocampus of lead-treated rats. a,
c, d, e Representative Western blot and quantitative analysis of SIRT1,
CREB phosphorylation, and BDNF in the hippocampus. b The mRNA
level of SIRT1 in the hippocampus by real-time PCR. f Representative

immunohistochemistry staining images of BDNF expression in the rat
hippocampal DG region (× 200, bar = 100 μm; × 400, bar = 50 μm). All
values are expressed as the mean ± SD, n = 5. *P < 0.05, **P < 0.01,
***P < 0.001 compared to the control group; #P < 0.05, ##P < 0.01,
###P < 0.001 compared to the Pb group
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developing rats, which was in accordance with a previous
study [28]. However, the behavioral tests showed that GM1
administration significantly ameliorated impairment to rats’
spatial learning and memory induced by lead, with shorter
escape latencies and longer time spent in the target quadrant.
It is noteworthy that our study also found that extra GM1
administration to normal rats still leads to a significant im-
provement in spatial navigation in the Morris water maze,
which suggests that GM1 may remain valid as a non-
pathological target. Meng et al. also found similar results in
animal behavior tests after ganglioside administration alone
[34]. We suggest that GM1 may achieve cognitive improve-
ment by promoting neural development to a more mature
nervous system in advance in developing rats, but the specific
mechanism requires further investigation. These results sug-
gest that the cause of neuroprotective effects of GM1 is not by
decreasing the amount of lead in the organism, but by acting
on resistance to neurotoxic effects induced by lead.

Numerous experimental and epidemiological studies have
demonstrated that oxidative stress by increasing ROS genera-
tion and damage to the antioxidant defense are essential mech-
anisms underlying lead neurotoxicity, probably triggering the
apoptosis cascade [35]. T-SOD, CAT, GSH, and MDA, main
biomarkers of oxidative stress, reflect the antioxidant capacity
and oxidative damage degree of the body. A previous study
substantiated that lead exposure causes maximum oxidative
stress in the hippocampus at the lactation period, with signif-
icantly increased levels of TBARS and glutathione peroxidase
[36]. Moreover, Yang et al. found that GM1 was able to ame-
liorate oxidative stress through inhibiting the levels of MDA
and HNE in the hippocampus of Alzheimer disease mice [37].
Moreover, Gong et al. also found that exogenous supplemen-
tation of GM1 protected rats suffering from high-altitude ce-
rebral edema through suppressing oxidative stress and inflam-
mation via the PI3K/AKT-Nrf2 pathway [38]. Concordant
with previous studies, our study demonstrated that lead expo-
sure caused severe oxidative stress in the hippocampus.
However, GM1 administration significantly attenuated lead-
induced oxidative stress, as reflected by the decreased level of
MDA, the restored activity of SOD, CAT, and level of GSH in
the hippocampus. Increasing of SOD and CATactivity is con-
sidered to be a marker for an elevated antioxidation system.

It is well-documented that Bcl-2 family proteins, including
both pro-survival (e.g., Bcl-2) and pro-death (e.g., Bax) pro-
teins, regulate the mitochondria-dependent apoptotic pathway
by modulation of mitochondrial outer membrane (MOM) per-
meabilization and the release of cytochrome c to the cyto-
plasm, which can lead to caspase activation [39, 40].
Developmental lead exposure can trigger neuronal apoptosis
in the neonatal mouse brain, reflecting an activation of cas-
pase-3, a pivotal executor in the process of the caspase cas-
cade [41]. In line with the previous studies, our study shows
that lead significantly increases the expression of Bax,

decreases in Bcl-2, and activates of cleaved caspase-3.
However, GM1 administration reversed these effects in the
hippocampus of developing rats. Furthermore, a previous
study showed that Bcl-2 overexpression could protect against
neuronal apoptosis through restraining cytochrome c release
and caspase-3 activation [42]. In our study, a slight overex-
pression of the Bcl-2 protein was found after GM1 adminis-
tration alone in the control + GM1 (10 mg/kg) group, which
may imply that GM1 could improve the survival of nerve cells
against apoptotic stimuli through upregulating the Bcl-2 fam-
ily to resist apoptosis.

SIRT1 has been well-studied in metabolism, aging, gene
silencing, inflammation, cancer, and neurodegenerative dis-
eases [43–45]. However, recent studies linked SIRT1 to brain
function and demonstrated that it is also involved in synaptic
plasticity, memory formation, neurogenesis, and neuroprotec-
tion. Convincing evidence indicates that deficiencies of
SIRT1 are associated with abnormal dendrite architecture
and disordered expression of genes involved in myelination
and synaptic function [46]. In contrast, SIRT1 overexpression
can improve cell viability and promote neuron survival
through mTOR signaling [47]. In addition, the suppression
of SIRT1 can also inhibit CREB activity via a miR-134-
mediated post-transcriptional mechanism, decreasing the
binding of CREB to BDNF promoters, which induces a re-
duction of BDNF at both mRNA and protein levels [14]. In
line with the results of Feng et al., our study found that the
expression of SIRT1 was significantly decreased, accompa-
nied by decreased expressions of CREB phosphorylation
and the downstream protein of BDNF, in the hippocampus
of lead-treated developing rats [48]. Here, GM1 administra-
tion upregulated the expression of SIRT1, CREB phosphory-
lation, and BDNF in a dose-dependent manner. Of note, there
was a slight increase in the expression of SIRT1 in the hippo-
campus of the rats administrated GM1 alone. Accordingly, we
surmised that GM1 may be a potential activator of SIRT1
which protects neuron from the neurotoxicity of lead through
pleiotropic downstream regulation, but the molecular mecha-
nisms of how GM1 upregulates the expression of SIRT1 and
other potential pathways involved are not yet known.

Conclusion

In conclusion, we demonstrated that monosialoganglioside
GM1 possesses protective effects on lead-induced impairment
of learning and memory through recovering the antioxidant
system, anti-apoptosis, and activating the SIRT1/CREB/
BDNF pathway in the developing hippocampus. Our study
provides new evidence for the mechanisms of GM1 on lead-
induced neural damage and proposes a novel potential assis-
tant therapy for lead poisoning.
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