












much lower than that in control, I/R, and I/R + PNE groups. PNE could
significantly prevent the decrease in B.L caused by I/R surgery, but it did
not have a significant effect on B.L in PGF and PGF + I/R rats.
Neuroprotective Effects of B.L for I/R Model Rats. According to

the results above, the decrease in relative abundance of B.L in I/R rats
could be prevented by pretreating with PNE for 7 consecutive days.
Thus, we investigated whether B.L exerted neuroprotective effects. Rats
were pretreated with 1 � 109 CFU of B.L per day for 15 consecutive
days before I/R surgery. TTC staining was used to examine cerebral
infarcts 24 hours after I/R surgery. Figure 4A shows representative
images of coronal sections from the sham-operated (control), I/R, and B.
L-treated groups. Cerebral infarcts were obvious after establishing the
I/R model. Infarct size in the B.L treatment group was significantly
decreased compared with that in the I/R group; cerebral infarct volume
decreased from 36.0%6 4.3% to 25.0%6 9.2% (Fig. 4B). In addition,
after pretreatment with B.L, significant decreases in neurologic deficit
scores (1.966 0.27) were observed compared with the I/R group (2.83
6 0.47), which indicated that B.L improved neurologic deficits caused
by cerebral I/R (Fig. 4C). Furthermore, B.L could significantly down-
regulate levels of proinflammatory cytokines (IL-1b, IL-6, and TNF-a)
in I/R rats (Fig. 4, D–F). Likewise, I/R surgery significantly decreased
levels of BDNF in the rat hippocampus (Fig. 4G), and B.L treatment

could efficiently attenuate the downregulation of BDNF caused by I/R
surgery. These results suggest that colonization by B.L can exert
neuroprotective effects in I/R rats.
Effects of PNE and B.L on the Expression of GABA Receptor in

the Rat Hippocampus. Recent studies have suggested that in addition
to playing an important role in maintaining functional homeostasis in the
brain, GABA receptors are vulnerable to pathologic factors, especially
during ischemia (Fiorentino et al., 2009; Cheng et al., 2010; Fu et al.,
2015; Nasrallah et al., 2017). To elucidate further the mechanism
underlying therapeutic effects of PNE during I/R, effects of PNE and
B.L on expression of GABA receptors were investigated. Expression
levels of GABA-A receptors (a2, b2, g2) and GABA-B receptors (R1b,
R2) in the hippocampus of normal and PGF rats were assessed using
reverse transcription PCR. For normal rats, expression level ratios of
GABA-A receptors (a2,b2, g2) andGABA-B receptors (R1b, R2) in the
hippocampus from I/R and control groups were less than 1, which
indicated that I/R surgery could decrease expression levels of GABA
receptors (Fig. 5A, one-way ANOVA, P , 0.05). PNE pretreatment
could significantly attenuate the decrease in expression levels of GABA
receptors in the I/R group. For PGF rats, I/R surgery could also distinctly
decrease expression of GABA receptors in the hippocampus. However,
the ability of PNE to regulate expression of GABA receptors in PGF rats

Fig. 4. The neuroprotective effects of B.L (n =
6/group). (A) Coronal sections of TTC-stained
brains and (B) infarct volume. (C) Neurology deficit
score, (D) IL-1b, (E) IL-6, (F) TNF-a, (G) BDNF.
(*P , 0.05 vs. control group, #P , 0.05 vs. I/R
group).
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was much lower than in normal rats (Fig. 5B, one-way ANOVA, P ,
0.05). These results suggest that upregulation of GABA receptors by PNE
was attenuated by antibiotic treatment owing to a shift in gut
microbiota populations. We also examined whether B.L could regulate
GABA receptors in the hippocampus. Expression level ratios of GABA-A
receptors (a2, b2, g2) and GABA-B receptors (R1b, R2) in the B.L-
colonized groupweremuch higher than in the I/R group (Fig. 5C, one-way
ANOVA, P, 0.05). Thus, these results suggested that B.L could prevent
decreased expression levels of GABA receptors in the I/R group.
Given that both PNE and B.L could enhance expression of GABA

receptors in I/R rats, GABA concentrations in the hippocampus were
determined to investigate further PNE regulation of theGABAergic system.
As shown in Fig. 5D, I/R surgery led to an increase in GABA levels, and
pretreating with PNE could significantly decrease GABA concentrations in
the I/R group. Likewise, colonization with B.L could prevent an increase in
GABA levels caused by I/R surgery. For PGF rats, I/R surgery could also
enhance GABA levels. However, the effect of PNE on GABA levels in
PGF + I/R rats was not as significant as in normal I/R rats.
Effects of GABA-A and GABA-B Receptor Antagonists on

Neuroprotective Effects of B.L. Given that both PNE and B.L could
upregulate expression of GABA receptors in the hippocampus of I/R rats
(Fig. 5A and 5C), we investigated whether GABA-A or GABA-B
receptors mediate the neuroprotective effects. A GABA-A receptor
antagonist (bicuculline, Bic) or GABA-B receptor antagonist (saclofen,
Sac) was used to inhibit GABA-A or GABA-B receptor activities,
respectively. As shown in Fig. 6A, neuroprotective effects of B.L were
significantly attenuated when the bacteria were coadministered with the
GABA-B receptor antagonist Sac. In contrast, the GABA-A receptor
antagonist Bic had no significant effect. The cerebral infarct volumes of rats
in the I/R, I/R + B.L, I/R + B.L + Bic, and I/R + B.L + Sac groups were
36.0% 6 4.3%, 25.0% 6 9.2%, 26.2% 6 3.1%, and 34.9% 6 5.1%,
respectively (Fig. 6B). The neurologic deficit scores of rats in the I/R, I/R +
B.L, I/R +B.L +Bic, and I/R +B.L+ Sac groupswere 2.8360.46, 1.966
0.28, 2.10 6 0.77, and 2.80 6 0.25, respectively (Fig. 6C). No obvious
differences in expression of proinflammatory cytokines IL-1b, IL-6, and

TNF-a were found between the I/R + B.L and I/R + B.L + Bic groups.
When saclofen was coadministered with B.L, the neuroprotective effects of
B.L were dramatically attenuated, and expression levels of proinflamma-
tory cytokines IL-1b, IL-6,7 and TNF-a in the I/R + B.L + Sac group were
much higher than in the I/R +B.L and I/R+B.L+Bic groups (Fig. 6, D–F).
These results strongly suggested that upregulation of GABA-B receptors
might be a key factor in mediating neuroprotective effects of B.L and PNE.
The influence of PNE and B.L on the GABA-B receptors (R1, R2)

was further verified on the basis of Western blotting analysis. As shown
Fig. 7, the I/R surgery led to a decrease in the expression of GABA-BR1
receptor, and the expression of GABA-B R2 receptor in I/R group was
significantly lower than that of the control group. Importantly, pretreat-
ing with PNE could upregulate the expression of GABA-B R1 and
GABA-B R2 receptors in the hippocampus of I/R model rats. Likewise,
colonization with B.L could prevent a decrease in the expression of
GABA-B R1 and GABA-B R2 receptors caused by I/R surgery.
Attenuating Effects of GABA-B Receptor Antagonists on

Efficacy of PNE. Given that neuroprotective effects of B.L could be
greatly attenuated by a GABA-B receptor antagonist, we examined whether
a GABA-B receptor antagonist also attenuated neuroprotective effects of
PNE. The GABA-B receptor antagonist, saclofen, was coadministered with
PNE to confirm that neuroprotective effects of PNE were mediated by B.L
and the GABAergic system. As shown in Fig. 8, A–C, neuroprotective
effects of PNE were drastically attenuated by the GABA-B receptor
antagonist. The cerebral infarct volumes of rats in the I/R + PNE and I/R +
PNE + Sac groups were 25.0% 6 9.2% and 33.4% 6 3.0%, respectively,
and neurology deficit scores of rats in the I/R + PNE and I/R + PNE + Sac
groups were 1.686 0.41 and 2.546 0.29, respectively. Likewise, levels of
proinflammatory cytokines IL-1b, IL-6, and TNF-a in the I/R + PNE + Sac
group were significantly higher than in the I/R + PNE group.

Discussion

This study demonstrates a specific, previously unreported neuro-
protective mechanism of PNE on the basis of the microbiome-gut-brain

Fig. 5. Effects of PNE and B.L on GABA receptor expression and GABA concentration in the rat hippocampus (n = 6/group). (A) Relative expression of GABA receptors in
I/R and I/R + PNE rats (*P , 0.05), (B) relative expression of GABA receptors in GF, GF + I/R, and GF + I/R + PNE rats (#P , 0.05 vs. GF group, *P , 0.05 vs. GF and I/
R group), (C) relative expression of GABA receptors in I/R and I/R + B.L rats *P , 0.05, (D) GABA concentrations in rat hippocampus *P , 0.05.
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axis. In our previous studies, the optimal dose of PNE was screened
by comparing the neuroprotective effects of PNE under differ-
ent doses (20, 50, 100, and 250 mg/kg). The results revealed that the
neuroprotective effects of PNE were dose-dependent within the 20–
100 mg/kg dosage range, and the efficiency apparently increased with the
increasing dose. At 100 and 250 mg/kg doses, there was no significant
difference in the neuroprotective effects of PNE. Hence, 100 mg/kg of
PNE was used to investigate the neuroprotective effect of PNE in the
present study. We found that pretreatment with PNE (100 mg/kg) for
7 consecutive days before cerebral I/R could significantly decrease levels
of proinflammatory cytokines, reduce the volume of brain infarcts,
attenuate neurologic deficits, and maintain BDNF levels in the hippocam-
pus even though exposure to each component of PNE was extremely low
in the brains of normal and I/R rats. For herbal saponins, oral

bioavailability is often limited owing to low membrane permeability, high
molecular weight, fast clearance in the GI tract, and efflux transporters
(Hao et al., 2016). Clinically, some commercial PNE formulations cure
cerebral diseases mainly after intravenous administration, as exemplified
by the Xue-Sai-Tong injection. However, inconvenient medication and
adverse reactions caused by injection have limited the application of PNE
to a large extent (Guo et al., 2014). In the present study, we found that
cerebral concentrations of notoginsenoside monomers in the I/R group
were higher than in the control group. This phenomenon could be
explained by increased permeability of a compromised blood-brain barrier
after ischemic brain insult. However, most of the notoginsenoside
monomers were undetectable at 10 hours after oral administration, which
indicated that neuroprotective effects of PNEmay not be mediated directly
by cerebral notoginsenoside monomers. The contradiction between

Fig. 6. Effects of GABA-A and GABA-B receptor antagonists on B.L-induced neuroprotection (n = 6/group). (A) infarct volume of rat brains, (B) rat neurology deficit
score, (C) IL-1b levels, (D) IL-6 levels, (E) TNF-a levels, and (F) BDNF levels.
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pharmacokinetic and pharmacodynamic profiles of PNE led us to
hypothesize that PNE may exert neuroprotective effects indirectly by
acting on peripheral targets.
Recent studies have revealed that intestinal microflora play a role in

development of cells and tissues, affect physiologic, nutritional, and
immunologic processes, as well as directly and indirectly alter
pharmacokinetics and pharmacological activities of drugs, especially
those that are orally administered (Wallace et al., 2010; Haiser and
Turnbaugh, 2012). Given that the residence time of notoginsenosides in
the intestine is significantly longer than in other sites (Liu et al., 2009),
interactions between notoginsenosides and intestinal microflora are
worth exploring. In our previous study, we found that intestinal
microflora greatly affect metabolism of notoginsenosides. For example,
Proteobacteria can affect deglycosylation metabolism of notoginseno-
sides by regulating activities of glycosidases, and upregulation of
Bacteroidetes can promote redox metabolism of notoginsenosides in
intestinal microflora (Xiao et al., 2016). In the present study, a PGF rat
model was established to investigate the role of gut microbiota in
neuroprotective effects of PNE.We found that neuroprotective effects of

PNE in PGF + I/R rats were much lower than in normal I/R rats. Thus,
gut microbiota play an important role in mediating neuroprotective
effects of PNE. The influence of PNE on the gut microbiota community
was investigated to clarify the bidirectional regulation of intestinal flora
and notoginsenosides. The results revealed that I/R surgery could
dramatically alter the structure of the gut microbiota community, and
cerebral I/R-induced changes in gut microbiota could be partially
prevented by pretreating with PNE for 7 consecutive days. In recent
years, there has been a growing interest in targeting the gut microbiome
for a beneficial impact on behaviors related to psychiatric disorders,
including anxiety, depression, autism spectrum disorder, obsessive-
compulsive disorder, and memory impairment (Wang et al., 2016). To
date, multiple probiotic bacteria with psychotropic potential, including
strains of the genera Lactobacillus (Messaoudi et al., 2011a), Bifido-
bacterium (Messaoudi et al., 2011b), and Enterococcus (Divyashri et al.,
2015), have been identified as drug action targets or potential
therapeutic psychobiotics. For example, L.R is a very promising
potential psychobiotic with demonstrated pharmacological activity in
mice and humans (Borrelli et al., 2016). Oral administration of L.B can

Fig. 7. The influence of PNE and B.L on the expressions of GABA-B receptors (R1, R2) determined by Western blotting (n = 6/group). (A) The corresponding protein bands
of GABA-B R1, GABA-B R2, and GAPDH; (B) grayscale analysis of the GABA-B R1 protein expression; and (C) grayscale analysis of the GABA-B R2 protein
expression. (*P , 0.05 vs. control group, #P , 0.05 vs. I/R group, ##P , 0.01 vs. I/R group).
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significantly inhibit lipopolysaccharide production and P16 expression
in lipopolysaccharides-stimulated macrophages (Jeong et al., 2016). In
addition, a single strain of B.L or L.H can improve anxiety-like
behaviors in immune-deficient mice and chronically restrained rats
(Ohland et al., 2013; Savignac et al., 2014). In the present study, the
relative abundances of CNS disease therapy-related strains (L.R, L.B, L.
H, and B.L) were measured to investigate the therapeutic target and
mechanism of PNE for cerebral I/R. The results demonstrated that the
relative abundances of all four species of bacteria were downregulated
after I/R surgery, and pretreating with PNE could significantly
upregulate the relative abundance of B.L. We chose B.L as a potential
therapeutic bacterial species for cerebral I/R since it had been reported to
improve anxiety-like behavior and normalize levels of hippocampal
BDNF inmice (Bercik et al., 2011). After colonizing B.L (1� 109 CFU)
by gavage 15 days before I/R surgery in rats, the I/R surgery-induced
effects on infarct size, neurologic deficit score, proinflammatory
cytokines (IL-1b, IL-6, and TNF-a), and BDNF could be prevented.
GABA is the primary inhibitory neurotransmitter in the mammalian

CNS and acts on GABA-A and GABA-B receptors (Vollenweider et al.,
2006). Numerous studies have demonstrated that GABAergic neuro-
transmission in the hippocampus is closely related to modulation of
behavior and memory, and GABA receptors play a pivotal role in
treatment of transient focal cerebral ischemia (Vollenweider et al., 2006;

Wang et al., 2007; Han et al., 2008; Cheng et al., 2010). To bridge the
gap between PNE and GABA receptors, the influence of B.L on
expression of GABA receptors was investigated. The results revealed
that pretreatment with B.L could upregulate expression of GABA-A and
GABA-B receptors in the rat hippocampus. In addition, PNE pre-
treatment could significantly upregulate expression levels of GABA
receptors in the hippocampus of rats in the I/R group. To confirm the role
of B.L in PNE regulation of GABA receptors, we compared expression
of GABA receptors in the hippocampus of normal and PGF rats. The
results suggest that I/R surgery can decrease expression of GABA
receptors in the hippocampus of PGF rats and that the ability of PNE to
regulate expression of GABA receptors is much lower in PGF rats
compared with normal rats.
Numerous GABAergic neurons are located in the hippocampal

dentate gyrus, and GABA-A and GABA-B receptors in this region are
the two major classes of receptors that regulate synaptic plasticity and
learning and memory processes (Shahidi et al., 2008). The GABA-A
receptor, which is a ligand-gated ion channel, is a pentameric structure
assembled from 5 of the 19 known protein subunits, including a1–6,
b1–3, g1–3, d, «, p, r1–3, and u (McGinnity et al., 2017). Experiments
in animals suggest that alteration of GABA-A receptor-mediated
neurotransmission is closely related to a wide variety of neurologic
and psychiatric disorders, including anxiety, epilepsy, and schizophrenia

Fig. 8. Effects of GABA-B receptor antagonists on efficacy of PNE (n = 6/group). (A) Coronal sections of TTC-stained brains, (B) infarct volume of rat brains, (C) rat
neurology deficit score, (D) IL-1b levels, (E) IL-6 levels, (F) TNF-a levels. (*P , 0.05).
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(Macdonald et al., 2004; Charych et al., 2009). Recently, Li et al., 2016
reported that GABA-B receptors in the hippocampal dentate gyrus,
which is involved in impairment of spatial learning and memory owing
to vascular dementia, have been suggested as a potential new target for
alternative treatment of cognitive dysfunction in vascular dementia. To
date, the potential influence of GABA receptors on the treatment of focal
cerebral I/R has not been studied. To investigate whether GABA-A or
GABA-B receptors mediate neuroprotective effects of PNE, bicuculline
(GABA-A receptor antagonist) and saclofen (GABA-B receptor
antagonist) were used to inhibit GABA-A and GABA-B receptor
activities, respectively. The results suggest that neuroprotective effects
of B.L and PNE are significantly attenuated when coadministered with
the GABA-B receptor antagonist saclofen, whereas the effect of
GABA-A receptor antagonist bicuculline was not as obvious.
Thus, the findings of the present study suggest that I/R surgery

alters intestinal flora and downregulates the population of B.L. The
decrease in B.L levels then leads to downregulation of GABA
receptor expression. After pretreatment with PNE, I/R-related shifts
in intestinal flora can be prevented to some extent, and the relative
abundance of B.L can be significantly enhanced. Enhanced B.L levels
can then upregulate GABA-A and GABA-B receptor expression in
the rat hippocampus, and the upregulated GABA-B receptors play a
protective role in ischemic brain damage. To the best of our
knowledge, this is the first report to elucidate cerebral protective
effects of PNE that involve gut microbiota. It is important to note that
B.L plays a key role in PNE treatment of cerebral I/R by upregulating
GABA-B receptors.
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