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Abstract
Introduction: This study examined the protective effects of sophoricoside
on neuronal injury and cognitive dysfunction in anaesthetic-exposed neonatal rats.
Material and methods: Neuronal injury was induced in rat pups by exposure
to isoflurane (0.75%) with 30% oxygen for 6 h on P7. The protective effects
of sophoricoside were evaluated by assessing cognitive function using the
neurological score and Morris water maze. Neuronal apoptosis was assessed
in hippocampus tissue using a TUNEL assay. The cytokine and macrophage
inflammatory protein levels were assessed by ELISA. Western blot assays
and RT-PCR were performed to assess the expression of NF-kB, TLR-4, Akt,
and PI3K proteins in neuronal tissues. Immunohistochemical and histopathological changes were observed in the brain tissues of isoflurane-induced neuronal injury rats.
Results: The sophoricoside treatment improved cognitive and neuronal
function in rats exposed to isoflurane. Cytokine and MIP levels in the brain
tissues of isoflurane-exposed rats decreased. However, sophoricoside treatment attenuated the expression of TLR-4, PI3K, and Akt protein in the brain
tissues of isoflurane-exposed rats. The histopathology improved in the sophoricoside-treated isoflurane-exposed rats.
Conclusions: Sophoricoside treatment protects against neuronal injury and
reduced cognitive function in isoflurane-induced neuronal injury rats by regulating TLR-4 signalling.
Key words: sophoricoside, isoflurane, cognitive function, neuronal injury,
TLR-4.

Introduction
Anaesthetics are used to manage pain during surgery and medical
procedures in children, infants, and adults [1]. However, anaesthetics affect learning and memory in the developing brain by inducing neuronal
apoptosis [2]. The brain cells of neonatal rats were damaged more by
isoflurane than by an equal dose of sevoflurane [3]. Isoflurane enhances
neuronal cell apoptosis by altering the mitochondrial membrane [4]. The
Bcl-2/Bax ratio plays an important role in maintaining the integrity of the
mitochondrial membrane, which controls neuronal apoptosis [5].
In a murine model, isoflurane exposure enhanced the expression of
caspase-3 and deposition of β-amyloid peptide (Aβ), which contributes
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to the cellular apoptotic pathway [6]. Anaesthetics enhance neurodegeneration by increasing
the levels of pro-inflammatory cytokines [7] such
as interleukin (IL) and tumor necrosis factor α
(TNF-α), which contribute to the nuclear factor-κB
(NF-κB)-dependent signalling pathway, leading to
cognitive impairment [8]. In cerebral ischaemia,
the TLR-4 pathway is regulated by NF-κB, and
a reduction in TLR-4 expression downregulates
inflammation in ischaemic stroke [9]. Therefore,
ischaemia might be managed by targeting the
TLR-4 pathway.
Alternative medicine has gained importance
in the management of several chronic disorders,
including neuronal injury. Sophora japonica (Leguminosae) is used as a traditional medicine in
China, and sophoricoside has been isolated from
it [10]. Sophoricoside has anti-hyperglycaemic,
anti-obesity, antioxidant, anticancer [11], anti-inflammatory, and anti-allergic properties, as it reduces cycloxygenase-2 activity and IL-6 levels [12].
Therefore, this study evaluated the protective effects of sophoricoside on cognitive dysfunction in
isoflurane-induced neuronal injury rats.

Material and methods
Animals
Sprague-Dawley rat pups at P1 were housed
under standard conditions with a 12-h light/
dark cycle at 25 ±3°C and 60 ±5% humidity. All
animal procedures were approved by the Animal
Ethics Committee of the First Affiliated Hospital of Zhengzhou University, China (IAEC/FAHZU/2018/02).

Chemicals
Sophoricoside and isoflurane were procured
from Sigma Aldrich, USA. Enzyme-linked immunosorbent assay (ELISA) kits for macrophage inflammatory protein (MIP)-1α, MIP-1β, and the inflammatory mediators IL-1β, IL-6, and TNF-α were
purchased from R&D Systems, USA. Antibodies
used in the Western blot assay were bought from
Thermo Fisher Scientific, USA.

Experimental
In a controlled chamber, pups were exposed to
isoflurane (0.75%) with 30% oxygen for 6 h on P7.
The pups were separated into normal, isoflurane,
and sophoricoside 8 and 16 groups (n = 12 each).
The sophoricoside 8 and 16 groups were given
8 and 16 mg/kg sophoricoside, respectively, for
21 days after isoflurane exposure. At the end of
the experiment, the animals were sacrificed, and
the hippocampus was removed. Isolated samples
of brain were kept at –80ºC until required.
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Morris water maze test
Cognitive function was estimated at the end
of the treatment using the Morris water maze
(MWM) [13]. Spatial memory was assessed by
conducting trials on 5 consecutive days and recording the time spent in the target quadrant on
the last day, after the platform was removed. The
DigBehav System was used to record and analyse
the data.

Neurological dysfunction
Neurological dysfunction was assessed using
Longa’s method [14]. The scoring was as follows:
0, no deficit; 1, forelimb failed to extend entirely and weak; 2, circling to the contralateral side;
3, weight-bearing capacity reduced on the injured
side; and 4, no spontaneous locomotor activity.

TUNEL assay
To evaluate neuronal apoptosis, TUNEL assays
were performed as previously reported [15]. The
hippocampus was sectioned in 5-μm-thick slices,
and the DeadEnd fluorometric TUNEL System kit
was used to estimate neuronal apoptosis. Nuclei of the neurons were stained with Hoechst,
and NIS-Elements Basic Research (BR) imaging
software was used to determine the number of
TUNEL-positive cells.

Estimation of cytokines
The levels of MIP-1α, MIP-1β, IL-1β, IL-6, and
TNF-α were measured in brain tissue homogenates using ELISA as per the kit protocols.

Western blotting
The expression of TLR-4, NF-κB, p-Akt, Akt,
p-PI3K, and PI3K proteins was assessed using
Western blot assays of brain tissue homogenates.
A BCA assay kit was used to quantify the protein
from each tissue homogenate, and 10% sodium
dodecyl sulphate–polyacrylamide gel electrophoresis was used to separate the proteins, which
were transferred to nitrocellulose membranes by
electroblotting. Subsequently, each membrane
was blocked with 5% blocking solution (non-fat
milk) and incubated in blocking buffer with primary antibodies overnight at 4°C. Goat secondary antibodies conjugated with horseradish peroxidase
were added to the blocking buffer, and a chemiluminescence kit was used to detect the proteins.

qRT-PCR
TRIzol reagent was used to extract the total
RNA, and TaqMan MicroRNA assays were used
estimate the mRNAs levels. Moloney murine
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Table I. Primers for qRT-PCR assay
Primers

Forward

Backward

NLRP3

5′-GCTAAGAAGGACCAGCCAGAGT-3′

5′-GAACCTGCTTCTCACATGTCGT-3′

TLR4

5′-CACTGTTCTTCTCCTGCCTGAC-3′

5′-TGGTTGAAGAAGGAATGTCATC-3′

5′-AACTTTGGCATTGTGGAAGG-3′

5′-GGATGCAGGGATGATGTTCT-3′

GAPDH

leukaemia virus reverse-transcriptase was used
to synthesise complementary DNA from 2 µg
of total RNA in a reverse transcriptase reaction
(20 µl). The primers listed below were mixed
with RT 2 SYBR Green Master Mix to determine
gene expression using the Quantitative SYBR
Green PCR assay. The relative target gene expression levels were determined using the 2–ΔΔCq
equation (Table I).

Statistical analysis
All data are expressed as the mean ± SEM
(n = 12). The statistical analysis was performed
using one-way analysis of variance (ANOVA). Post
hoc comparison of means was performed using
Dunnett’s post hoc test ver. 4.1 (GraphPad Software, San Diego, CA, USA). The level of statistical
significance was set at p < 0.05.

Results

Histopathological analysis

Sophoricoside alleviates cognitive
dysfunction
Cognitive function was assessed in sophoricoside- and isoflurane-treated rats using the MWM,
as shown in Figure 1. Greater decreases were
found in the time spent in the target quadrant,
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Formaldehyde (4%) was used to fix the brain
tissues, which were embedded in paraffin, sectioned to 5-μm thicknesses using a microtome,
and stained with haematoxylin and eosin (H&E).
A trinocular microscope was used to evaluate
pathophysiological changes in the brain tissue.
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Figure 1. Sophoricoside alleviates cognitive dysfunction in rats with isoflurane-induced neuronal
injury
Mean ± SEM (n = 12); ##p < 0.01 vs. normal group;
**p < 0.01 vs. isoflurane group.
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number of crossings, and escape latency in the
isoflurane-treated group than in the controls. Sophoricoside treatment increased the time spent
in the target quadrant, number of crossings, and
escape latency compared with the isoflurane-induced neuronal injury rats.

campus tissues of the isoflurane group compared
with the normal group. The levels of cytokines
and macrophage inflammatory proteins were attenuated in the brain tissues of the sophoricoside-treated groups compared with the isoflurane
group.

Sophoricoside alleviates neurological
dysfunction
Neurological dysfunction was assessed by
determining the neurological score in anaesthesia-induced neuronal injury rats (Figure 2). The
neurological score was significantly (p < 0.01)
higher in the isoflurane-treated group than in the
normal rats. A dose-dependent reduction was observed in the sophoricoside-treated groups compared to the isoflurane-treated group.

Sophoricoside alleviates neuronal
apoptosis
Figure 3 shows neuronal apoptosis in the hippocampus of isoflurane- and sophoricoside-treated
rats using the TUNEL assay. The number of apoptotic neuronal cells was determined by assessing
the number of TUNEL-positive cells in the hippocampus tissue. This value was lower in the hippocampus tissue (CA1, CA3, and DG) of the isoflurane
group than in the normal rats. However, sophoricoside treatment reduced neuronal apoptosis in the
isoflurane-induced neuronal injury rats.

Sophoricoside reduces cytokine and
macrophage inflammatory protein levels
In the brain tissues of the isoflurane- and sophoricoside-treated groups, the levels of macrophage inflammatory proteins and inflammatory
cytokines were assessed, as shown in Figure 4.
Significant increases in the levels of MIP-1, MIP-2,
TNF-α, IL-8, and IL-1β were observed in the hippo-
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Sophoricoside alleviates altered TLR-4
and NLRP3 mRNA expression
The effect of sophoricoside on NLRP-3 and
TLR-4 mRNA expression in the brain tissues of
neuronal injury rats was assessed by RT-PCR (Figure 6). The expression of NLRP-3 and TLR-4 mRNA
was enhanced in the hippocampus tissue of the
isoflurane group compared to the normal rats. The
NLRP-3 and TLR-4 mRNA expression was reduced
in the brain tissue of the sophoricoside-treated
groups compared to the isoflurane group.

Sophoricoside alleviates histopathological
changes
Figure 7 shows histopathological changes in
the brain tissue of isoflurane-induced neuronal in180

##

4.0

2.5

The expression of NF-kB, TLR-4, Akt, and PI3K
proteins was determined in the brain tissues of
isoflurane- and sophoricoside-treated rats by
Western blot assays. A significant reduction in the
expression of p-Akt and p-PI3K was observed in
the brain tissues of the isoflurane group compared
to the normal group, whereas the expression of
NF-kB and TLR-4 was enhanced in the isoflurane
group. Sophoricoside treatment normalised the
altered expression of NF-kB, TLR-4, Akt, and PI3K
proteins in the brain tissues of isoflurane-induced
neuronal injury rats (Figure 5).

Sophoricoside Sophoricoside
8 mg/kg
16 mg/kg

TUNEL positive cells [cells/mm2]

4.5

Sophoricoside alleviates the altered
expression of NF-kB, TLR-4, Akt, and PI3K
proteins

160

##
##

140
120

##

**

100

**
**

80
60

**

40

**
**

20
0

CA1
Normal
Sophoricoside 8 mg/kg

CA3
DG
Isoflurane
Sophoricoside 16 mg/kg

Figure 2. Sophoricoside reduces the neurological
score in rats with isoflurane-induced neuronal injury

Figure 3. Sophoricoside alleviates neuronal apoptosis in rats with isoflurane-induced neuronal injury

Mean ± SEM (n = 12); ##p < 0.01 vs. normal group;
**p < 0.01 vs. isoflurane group.

Mean ± SEM (n = 12); ##p < 0.01 vs. normal group;
**p < 0.01 vs. isoflurane group.
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Figure 4. Sophoricoside alleviates the altered levels of cytokines and macrophage inflammatory proteins in the
brain tissues of isoflurane-induced neuronal injury rats
Mean ± SEM (n = 12); ##p < 0.01 vs. normal group; **p < 0.01 vs. isoflurane group.
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Figure 5. Sophoricoside normalised the altered expression of NF-kB, TLR-4, Akt, and PI3K proteins in the brain
tissues of isoflurane-induced neuronal injury rats
Mean ± SEM (n = 12); ##p < 0.01 vs. normal group; **p < 0.01 vs. isoflurane group.
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jury rats with H&E staining. Brain tissue sections
of the control group appeared normal. The brain
tissues of the isoflurane group showed nuclear
and cytoplasmic vacuolation in the white matter
and cortex. Moreover, the neurocytes were unconsolidated and disordered. However, sophoricoside
treatment ameliorated these pathological changes in the brain tissues of isoflurane-induced neuronal injury rats.
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The administration of anaesthetics to children
and neonates leads to neuronal injury, which
causes memory impairment and loss of cognitive
function [16]. This study examined the protective
effect of sophoricoside in isoflurane-induced neuronal injury rats by assessing cognitive function

Figure 6. Sophoricoside alleviates altered expression of TLR-4 and NLRP3 mRNA in the brain tissues
of isoflurane-induced neuronal injury rats
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Figure 7. Sophoricoside alleviates histopathological changes in the brain tissues of isoflurane-induced neuronal
injury rats

using the neurological score and MWM. Neuronal
apoptosis was assessed in hippocampus tissue
using a TUNEL assay, and the levels of cytokines
and macrophage inflammatory proteins were
assessed by ELISA. Western blotting and RT-PCR
were performed to assess the expression of NFkB, TLR-4, Akt, and PI3K proteins in neuronal tissues. Immunohistochemical and histopathological
changes were observed in the brain tissue of isoflurane-induced neuronal injury rats.
Anaesthetics are used commonly and can
cause neuronal damage in the developing brain,
resulting in loss of memory and cognitive function
[17]. In animals exposed to isoflurane, neuronal
cells are damaged via activation of the apoptosis
pathway [18], as supported by our data. However,
sophoricoside treatment reversed the altered cognitive function and reduced neuronal apoptosis in
isoflurane-exposed neuronal injury rats.
The Akt/PI3K pathway is responsible for cell
stability, growth, and survival. Anti-apoptotic protein activation and the deactivation of
pro-apoptotic factors are regulated by the Akt/
PI3K pathway [19]. The developing brain exposed
to isoflurane shows altered expression of PI3K
and Akt protein, as reported previously [20], and
attenuation of the Akt/PI3K pathway protects
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against neuronal injury [21]. Our data suggest
that sophoricoside treatment regulates the Akt/
PI3K pathway in the neuronal tissues of neuronal
injury rats.
Mediators of inflammation are also involved
in cognitive defects and neuronal injury observed
in developing brains exposed to isoflurane [22,
23]. These mediators enhance the inflammatory
process by activating NF-κB signalling. We found
a significant (p < 0.01) reduction in inflammatory cytokines in the brain tissue of the sophoricoside-treated groups compared to the isoflurane
group. TLR4 is a transmembrane protein that regulates innate immunity by activating inflammatory cytokines and NF-κB signalling. TLR-4 activation
contributes to neuronal injury by regulating proand anti-apoptotic proteins [24], and controlling
TLR-4 signalling prevents neuronal apoptosis [25].
Our data suggest that sophoricoside treatment
ameliorates altered TLR-4 signalling in a neuronal
injury rat model.
In conclusion, sophoricoside treatment protects against neuronal injury and preserves cognitive function in isoflurane-induced neuronal injury rats by regulating TLR-4 signalling. Moreover, it
controls neuronal apoptosis by regulating inflammatory cytokines.

Arch Med Sci

Sophoricoside attenuates neuronal injury and altered cognitive function by regulating the LTR-4/NF-κB/PI3K signalling pathway
in anaesthetic-exposed neonatal rats

Acknowledgments
The authors thank the First Affiliated Hospital
of Zhengzhou University, China, for providing the
facilities in which to conduct this work.

Conflict of interest
The authors declare no conflict of interest.
References
1. Winacoo JN, Maykel JA. Operative anesthesia and pain
control. Clin Colon Rectal Surg 2009; 22: 41-6.
2. Yi X, Cai Y, Li W. Isoflurane damages the developing
brain of mice and induces subsequent learning and
memory deficits through FASL-FAS signaling. Biomed
Res Int 2015; 2015: 315872.
3. Liang G, Ward C, Peng J, Zhao Y, Huang B, Wei H. Isoflurane causes greater neurodegeneration than an equivalent exposure of sevoflurane in the developing brain
of neonatal mice. Anesthesiology 2010; 112: 1325-34.
4. Zhang Y, Dong Y, Wu X, et al. The mitochondrial pathway
of anesthetic isoflurane-induced apoptosis. J Biol Chem
2010; 285: 4025-37.
5. Wang Q, Zhang L, Yuan X, et al. The relationship between
the Bcl-2/Bax proteins and the mitochondria-mediated
apoptosis pathway in the differentiation of adipose-derived stromal cells into neurons. PLOS One 2016; 11:
e0163327.
6. Zhang S, Hu X, Guan W, et al. Isoflurane anesthesia promotes cognitive impairment by inducing expression of
beta-amyloid protein-related factors in the hippocampus of aged rats. PLoS One 2017; 12: e0175654.
7. Ye X, Lian Q, Eckenhoff MF, Eckenhoff RG, Pan JZ. Differential general anesthetic effects on microglial cytokine
expression. PLoS One 2013; 8: e52887.
8. Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in
inflammation. Signal Transduct Target Ther 2017; 2:
17023.
9. Lei JR, Tu XK, Wang Y, Tu DW, Shi SS. Resveratrol downregulates the TLR4 signaling pathway to reduce brain
damage in a rat model of focal cerebral ischemia. Exp
Ther Med 2019; 17: 3215-21.
10. Abdallah HM, Al-Abd AM, Asaad GF, Abdel-Naim AB,
El-halawany AM. Isolation of antiosteoporotic compounds from seeds of Sophora japonica. PLoS One
2014; 9: e98559.
11. Wu C, Luan H, Wang S, et al. Modulation of lipogenesis and glucose consumption in hepG2 cells and C2C12
myotubes by sophoricoside. Molecules 2013; 18:
15624-35.
12. Kim BH, Chung EY, Min BK, et al. Anti-inflammatory action of legume isoflavonoid sophoricoside through inhibition on cyclooxygenase-2 activity. Planta Med 2003;
69: 474-6.
13. Qin H, Qin J, Hu J, Huang H, Ma L. Malva sylvestris attenuates cognitive deficits in a repetitive mild traumatic
brain injury rat model by reducing neuronal degeneration and astrocytosis in the hippocampus. Med Sci
Monit 2017; 23: 6099-106.
14. Sun L, Li M, Sun X, Li X. Zerumbone promotes proliferation of endogenous neural stem cells in vascular
dementia by regulating Notch signalling. Folia Neuropathol 2019; 57: 277-84.
15. Łotowska J, Sobaniec P, Sobaniec-Łotowska M, Szukiel B,
Łukasik M, Łotowska S. Effects of topiramate on the

ultrastructure of synaptic endings in the hippocampal
CA1 and CA3 sectors in the rat experimental model
of febrile seizures: the first electron microscopy report.
Folia Neuropathol 2019; 57: 267-76.
16. Wu L, Zhao H, Weng H, Ma D. Lasting effects of general anesthetics on the brain in the young and elderly:
“mixed picture” of neurotoxicity, neuroprotection and
cognitive impairment. J Anesth 2019; 33: 321-35.
17. Bodolea C. Anaesthesia in early childhood. Is the development of the immature brain in danger? Rom J Anaesth Intensive Care 2016; 23: 33-40.
18. Satomoto M, Makita K. Anesthesia-induced neurotoxicity in an animal model of the developing brain: mechanism and therapies. Neural Regen Res 2016; 11: 1407-8.
19. Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring Harb Perspect Biol 2012; 4: a011189.
doi: 10.1101/cshperspect.a011189. Erratum in: Cold
Spring Harb Perspect Biol 2015; 7. pii: a026609.
20. Xu J, Kang E, Mintz CD. Anesthetics disrupt brain development via actions on the mTOR pathway. Commun
Integr Biol 2018; 11: 1-4.
21. Yu N, Hu S, Hao Z. Beneficial effect of stachydrine on the
traumatic brain injury induced neurodegeneration by attenuating the expressions of Akt/mTOR/PI3K and TLR4/
NF-kappaB pathway. Transl Neurosci 2018; 9: 175-82.
22. Safavynia SA, Goldstein PA. The role of neuroinflammation in postoperative cognitive dysfunction: moving
from hypothesis to treatment. Front Psychiatry 2019; 9:
752.
23. Li C, Che LH, Ji TF, Shi L, Yu JL. Effects of the TLR4 signaling pathway on apoptosis of neuronal cells in diabetes
mellitus complicated with cerebral infarction in a rat
model. Sci Rep 2017; 7: 43834.
24. Cicero AFG, Ruscica M, Banach M. Resveratrol and cognitive decline: a clinician perspective. Arch Med Sci
2019; 15: 936-43.
25. Tang SC, Lathia JD, Selvaraj PK, et al. Toll-like receptor-4
mediates neuronal apoptosis induced by amyloid beta-peptide and the membrane lipid peroxidation product 4-hydroxynonenal. Exp Neurol 2008; 213: 114-21.

Arch Med Sci7

