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Metformin attenuates sepsis-induced 
neuronal injury and cognitive impairment
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Abstract 

Background: Sepsis is considered to be a high-risk factor for cognitive impairment in the brain. The purpose of our 
study is to explore whether sepsis causes cognitive impairment and try to evaluate the underlying mechanisms and 
intervention measures.

Methods: Here, we used cecum ligation and puncture (CLP) to simulate sepsis. Open field, Novel Objective Recogni-
tion, and Morris Water Maze Test were used to detect cognitive function, long-term potentiation was used to assess 
of synaptic plasticity, and molecular biological technics were used to assess synaptic proteins, ELISA kits were used to 
detect inflammatory factors. Metformin was injected into the lateral ventricle of SD rats, and we evaluated whether 
metformin alleviated CLP-mediated cognitive impairment using behavioral, electrophysiological and molecular bio-
logical technology experiments.

Results: Here we report hippocampal-dependent cognitive deficits and synaptic dysfunction induced by the CLP, 
accompanied by a significant increase in inflammatory factors. At the same time, metformin was able to improve 
cognitive impairment induced by CLP in adult male rats.

Conclusion: These findings highlight a novel pathogenic mechanism of sepsis-related cognitive impairment 
through activation of inflammatory factors, and these are blocked by metformin to attenuate sepsis-induced neuronal 
injury and cognitive impairment.
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Introduction
Despite a rapid development in the sepsis treatment 
strategies during the past few years, the incidence and 
mortality of sepsis in clinical settings are still on the rise 
[1, 2]. Current drug development is mainly focused on 
regulating systemic inflammatory response, and coagula-
tion and immune dysfunction, restoring pro-inflamma-
tory and anti-inflammatory homeostasis, and improving 
patient prognosis [3, 4]. Even after anti-inflammatory 
therapy, patients with sepsis still face serious long-term 

problems such as physical, psychological, and cognitive 
impairment [5, 6]. Therefore, we speculated that sepsis 
is not only a process of systemic inflammatory response 
or immune disorder, but also involves functional changes 
in multiple organs in the body, including inflammatory 
response imbalance, immune dysregulation, mitochon-
drial damage, coagulation, autophagy, and neurological 
dysfunctions, endoplasmic reticulum stress, and ulti-
mately lead to organ dysfunction. More and more clini-
cal attention has been paid to the prognosis of cognitive 
function in patients with sepsis after extensive use of 
antibiotics [7–9]. Therefore, it is urgent to explore the 
pathogenesis of cognitive impairment and its molecular 
mechanism in sepsis patients and seek for feasible inter-
vention methods.
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Using the classical cecum ligation and puncture model 
to mimic sepsis [10–12], we found that cecum ligation 
and puncture led to learning and memory disorders, 
accompanied by the release of a large number of inflam-
matory factors. Metformin has anti-anxiety and anti-
depression effects in patients with type 2 diabetes [13, 
14]. A large body of literature has shown that the met-
formin was effective in regulating neurodegeneration 
because of its anti-apoptotic and antioxidant properties 
[15, 16]. Metformin could potentially combat certain 
neurotoxins and malign effects of certain neurodegen-
erative diseases [17, 18]. Therefore, we hypothesized that 
metformin has a certain therapeutic potential for cogni-
tive impairment, and might alleviate sepsis-induced cog-
nitive impairment.

In the current study, behavioral tests showed that met-
formin alleviated sepsis-induced learning and memory 
dysfunction in rats. In addition, metformin reduced 
inflammation in the hippocampus, restored synaptic pro-
tein expression, and improved synaptic damage. These 
results suggest that intervention with metformin may be 
helpful improving learning and memory function follow-
ing sepsis induced neuronal injury and cognitive impair-
ment, and provide a basis for clinical management of 
sepsis.

Material and methods
Reagents
Rat IL-1β (Interleukin 1 Beta) ELISA Kit (E-EL-R0012c), 
IL-6 (Interleukin 6) ELISA Kit (E-EL-M0044c), IL-17 
(Interleukin 17) ELISA Kit (E-EL-R0566c), TNF-α 
(Tumor Necrosis Factor Alpha) ELISA Kit (E-EL-
R2856c), IFN-γ (interferon-γ)ELISA Kits (E-EL-R0009c) 
were purchased from Elabscience Biotechnology.

Animals
Male Sprague–Dawley (SD) rats (8 weeks old) were pur-
chased from Liaoning Changsheng Biotechnology Co., 
Ltd. The rats were fed a normal rat diet and kept in a 
12-h cycle of light and 12 h of darkness, and drank water 
freely. The rats were randomly divided into different 
experimental groups and treated according to the experi-
mental requirements.

CLP model
Rats were firstly anesthetized with 2–3% isoflurane. After 
anesthesia, the rats could breathe smoothly without turn-
ing over, and the depth of anesthesia was assessed via toe 
pinch. The skin was well cleaned and the area was draped. 
Sterile gloves were then worn when performing this pro-
cedure. A longitudinal incision of about 1 cm was made 
along the middle of the abdomen, sterile forceps was used 
to explore the abdomen and the cecum was pulled out. 

In sham operation group, only the cecum was pulled out 
of the abdominal cavity, and then the abdominal cavity 
was reduced. In CLP group, following the 1 cm incision 
cecum exposure, the cecum was then ligated with a 5/0 
Prolene suture about 15  mm from the proximal cecum 
end, without clamping the cecum. The cecum was then 
perforated twice with 18G trocar, with taking care not to 
damage the mesentery and cecum blood vessels. After 
sending out little feces, the cecum was inserted back to 
the abdominal cavity and the abdominal wall incision 
was sutured layer by layer. All rats were given subcutane-
ous normal saline (10  ml) and analgesic buprenorphine 
(0.1 mg/kg) after operation. Rats were placed on hot pads 
until they recovered from anesthesia and returned to the 
feeding room for normal feeding. In our study, the mor-
tality rate within 24 h with this CLP model is 10%.

Rats in each group were dynamically observed in 24 h 
after operation. In sham operation group, rats could 
move and eat normally after waking up, there was no sig-
nificant change in urination and defecation, and the fatal-
ity rate was 0 in 24 h. In CLP group, the rats could move 
after waking up, but the rats showed drowsiness, crouch-
ing, hair standing up, urination and defecation were less 
than before operation, and the diet of food intake was 
reduced, the fatality rate was 10% in 24 h.

Lateral ventricle stereotactic surgery
The rats were anesthetized with isoflurane and placed on 
stereotactic devices. The position of the stereodirectional 
drilling of the bilateral skull is as follows: 1.2  mm pos-
terior, 2.6 mm lateral, 4.0 mm depth relative to bregma. 
Metformin (5 μL) was injected into the lateral ventricle at 
a rate of 0.25 μL/min. After injection, the needle was left 
in place to stay for 2 min and then slowly pulled out.

Behavior tests
Open field test
The experimental test was carried out after the rats 
were bought to the laboratory and stayed for 2  day. 
The rats were placed in the laboratory chamber 
(100 × 100 × 70  cm container) for 5  min. The distance 
travelled and the number of times they crossed the inter-
mediate area were tracked and measured to assess their 
motor ability.

Novel objective recognition test
The animals were placed in the laboratory and allowed 
to stay for 1  day, before the experimental test was car-
ried out. Objects A and B were placed on two corners of 
the box, and the rat was placed in the center of the box, 
and allowed to explore freely for 5  minutes. Two hours 
later, object B was replaced by a new object C, and the 
rats were subsequently placed in the box for another 
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5 minutes. Twenty-four hours later, object C was replaced 
with object D and the rats were again placed in the box 
for 5 minutes. The exploration time of object A, B, C and 
D were recorded respectively.

Morris water maze test (MWM)
The MWM test was used to measure spatial learning and 
memory. The rats were put into the test room a day ear-
lier. The rats found a hidden platform in a water maze 
within 60 s for 5 days, and if the rats did not find the plat-
form within 60 s, they were guided to it and allowed to 
stay there for 20 s. On day 6, the platform was removed 
and spatial memory was tested by recording the times of 
crossing the platform position and the time spent by the 
rats in the target quadrant.

Long‑term potentiation (LTP)
LTP was used to detect synaptic plasticity in the hip-
pocampus, which was detected by the MED64 multi-
electrode array system (Alpha Med Sciences, Kadoma, 
Japan). The rats were quickly sacrificed and their brain 
tissue was quickly removed, and the brain slices were cut 
on a concussive sectioning machine. The slices were incu-
bated in artificial cerebrospinal fluid (CSF) for 30  min, 
followed by three groups of high-frequency stimulation 
(HFS of 100 Hz, lasting for 1 s). The field excitatory post 
synaptic potentials (fEPSPs) were recorded.

Western blotting
Tissue samples were lysed with RIPA containing the 
protease inhibitor PMSF and cocktail, on ice water and 
centrifuged at 12,000g for 10  min. The supernatant was 
collected, boiled, and the proteins were separated by 
SDS-PAGE and transferred to the nitrocellulose mem-
brane. The membrane was blocked with 5% skimmed 
milk powder, the protein was labeled overnight with 
primary antibody at 4 °C. After 3 times wash with wash-
ing buffer, the second antibody was incubated at room 
temperature for 1  h followed by another 3 washes. The 
Odyssey system was used to observe the protein expres-
sion level. The primary antibodies used for Western blot-
ting include: NR2A (1:1000; ab14596, Abcam, UK), NR2B 
(1:1000; SAB4300711; Millipore, USA), GluA1 (1:1000; 
04-855, Millipore, USA), GluA2 (1:1000; MAB397, Milli-
pore, USA), PSD95 (1:1000; 2507, Cell Signaling Technol-
ogy, USA), Synapsin 1 (1:1000; AB1543, Millipore, USA), 
Synaptophysin (1:1000, s-5768,Sigma), Actin (1:1000; 
ab6276, Abcam), LaminB1 (1:1000; Abcam), NF-κB p65 
(1:500; Cell Signaling Technology, USA).

The nuclear and cytoplasmic protein preparation kit 
(P1200, Pulilai) was used to separate the nuclear and 
cytoplasmic components according to the manufacturer’s 
procedures for subsequent experiments.

Inflammatory factors were detected by ELISA
These kits use a double-antibody sandwich ELISA 
method to measure inflammatory factors in hippocam-
pus tissues. The anti-rat IL-1β, IL-6, IL-17, TNF-α, IFN-γ 
antibodies were coated on an enzyme plate. During the 
experiment, the rat IL-1β, IL-6, IL-17, TNF-α, IFN-γ in 
the sample or standard product would bind to the coated 
antibody and the free components would be washed 
away. Biotinylated anti-rat IL-1β, IL-6, IL-17, TNF-α, 
IFN-γ antibodies and horseradish peroxidase labeled 
avidin were successively added. The anti-rat IL-1β, IL-6, 
IL-17, TNF-α, or IFN-γ antibody binds to rat’s IL-1β, 
IL-6, IL-17, TNF-α, IFN-γ bound to the coated anti-
body, and the biotin specifically binds to avidin to form 
an immune complex, and the free components are 
washed away. Color substrate (TMB) is added. This TMB 
becomes blue under the catalysis of horseradish peroxi-
dase, and becomes yellow with the addition of termina-
tion solution. The concentration of IL-1β, IL-6, IL-17, 
TNF-α and IFN-γ in the sample are positively propor-
tional to the OD450 value. The concentration of IL-1β, 
IL-6, IL-17, TNF-α, IFN-γ in the sample are calculated by 
drawing a standard curve.

Statistical analysis
Data were expressed as mean  ±  SEM and analyzed using 
GraphPad statistical software. The one-way ANOVA was 
used to determine the differences among groups. For the 
comparison between two groups, the Student’s T test was 
used. The significance was assessed at p  < 0.05.

Results
Cecum ligation and puncture triggers cognitive deficits 
in rats
To investigate the effect of CLP on cognitive function, 20 
healthy SD rats were randomly divided into two groups. 
The CLP model group was established according to the 
classic model of sepsis, and the control group under-
went sham operation as stated in the methodology. All 
rats were given subcutaneous normal saline (10 ml) and 
analgesic buprenorphine (0.1  mg/kg) after operation. 
Rats were placed on hot pads until they recovered from 
anesthesia and returned to the feeding room for normal 
feeding, followed by behavioral, electrophysiological, and 
biochemical tests (Fig.  1A). Behavioural tests were then 
carried out to assess cognitive function. The results from 
open field test showed that there was no significant dif-
ference in distance covered and zone crossing between 
the 2 groups (Fig.  1B, C). However, Novel Object Rec-
ognition (NOR) test showed that the exploration time 
of new objects in CLP group was significantly shortened 
at 2  h (Fig.  1D) and 24  h following the first exploration 
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(Fig.  1E). Morris Water Maze (MWM) was used to test 
memory and learning function, and the result showed 
that the CLP group have a significantly increase in the 
latency of finding hidden platform (Fig.  1F). On day 6, 
the platform was removed for spatial memory test. Com-
pared with the control group, both the time in the tar-
get quadrant (Fig. 1G) and the number of target platform 
crossings were reduced (Fig. 1H) in CLP group. But there 
was no significant difference in swimming speed (Fig. 1I). 
Taken together, these results suggest that CLP causes 
learning and memory impairments.

Cecum ligation and puncture induces synaptic dysfunction 
in rats
It is known that the hippocampus (HIP) plays an impor-
tant role in learning and memory function [19–22]. In 
order to investigate the underlying mechanisms how CLP 
induces learning and memory deficits, we explored the 

long-term potentiation (LTP) of the hippocampus which 
reflects synaptic plasticity [23, 24]. LTP test showed 
that the slope of the field excitatory postsynaptic poten-
tial (fEPSP) significantly decreased after high-frequency 
stimulation (HFS) in the CLP group (Fig.  2A, B), when 
compared with the control. In addition, Western blotting 
was used to test synaptic associated proteins in the hip-
pocampus. The results (Fig. 2C) showed that presynaptic 
proteins Synapsin (SYN), Synaptophysin (SYT) and post-
synaptic protein NR2B, GluR1, PSD95 were down-reg-
ulated in CLP group (Fig. 2D). Thus, we concluded that 
CLP leads to cognitive impairment probably via synaptic 
dysfunction which is reflected as a decrease in synaptic 
proteins.

CLP upregulates the release of inflammatory factors
CLP causes a systemic inflammatory response that 
releases various immune factors and cytokines [11, 25]. 

Fig. 1 Cecum ligation and puncture triggers cognitive deficits in rats. A Experimental design sketch. The open field test results showed the total 
distance covered (B) and zone crossing (C). Novel object recognition test showed the time spent exploringthe new object at 2 hours (D) and 24 h 
(E). Morris water maze showed the latency to find the hidden platform (F). On day 6, with the platform removed, the time in the target quadrant (G), 
the number of target platform crossing (H) and swimming speed were analyzed (I). n  = 10. p value significance is calculated from T test, and data 
are represented as mean  ±  SEM. *p  < 0.05, **p  < 0.01 vs control group
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To explore whether CLP could induce the release of these 
hippocampal immune factors, we used an enzyme-linked 
immunosorbent assay (ELISA) kit to detect these factors 
in hippocampal tissue lysates. The results showed that 
CLP led to a significantly increase in the inflammatory 
cytokines IL-1β (Fig. 3A), IL-6 (Fig. 3B), TNF-α (Fig. 3D), 
IFN-γ (Fig. 3E), but the level of IL-17 remains unchanged 
(Fig.  3C). These results suggest that CLP could activate 
or trigger the release of inflammatory factors in the 
hippocampus.

Metformin alleviates CLP‑induced cognitive impairment
Metformin has been reported to have anti-anxiety and 
anti-depression effects in patients with type 2 diabetes. 
A large body of literature has shown that metformin is 

effective in regulating neurodegeneration, therefore, we 
hypothesized that metformin might have a certain ther-
apeutic potential for cognitive impairment. The result 
from our study revealed that metformin alleviated sepsis 
induced cognitive impairment. To further investigate on 
this, thirty healthy SD rats were randomly divided into 
3 groups: the control group (sham group), model group 
(CLP group) and intervention group (Met  +  CLP group). 
The Met  +  CLP group were injected with metformin 
10 mM into lateral ventricle. All rats were given subcuta-
neous normal saline (10 ml) and analgesic buprenorphine 
(0.1 mg/kg) after operation. Rats were placed on hot pads 
until they recovered from anesthesia and returned to the 
feeding room for normal feeding, followed by behavio-
ral, electrophysiological, and biochemical tests (Fig. 4A). 

Fig. 2 Cecum ligation and puncture induces synaptic dysfunction in rats. Hippocampal CA3-CA1 LTP and its quantification (A) were recorded using 
the MED64 system. Normalized CA3-CA1 fEPSP mean slope recorded from the CA1 dendritic region in hippocampal slices (B). C, D Brain tissues 
from hippocampi were homogenized, and synaptic protein levels were detected by immunoblotting. n  = 3. p value significance is calculated from 
T test, and data are represented as mean  ±  SEM. *p  < 0.05, **p  < 0.01 vs control group
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The results of open-field experiment showed that there 
was no significant difference covered in the total distance 
between the three groups (Fig. 4B). However, novelty rec-
ognition experiment showed that the Met  +  CLP group 
has a significantly increase in the time to explore the new 
object at both 2 h (Fig. 4C) and 24 h (Fig. 4D) when com-
pared with the CLP group. Finally, Morris Water Maze 
(MWM) were was performed, and the results showed 
that the Met  +  CLP group has significantly reduced 
latency of finding the hidden platform (Fig. 4E). On day 
6, we removed the platform for spatial memory test. 
Compared with the CLP group, the Met  +  CLP group 
spent more time in the target quadrant (Fig. 4F) and had 
increased number of target platform crossing (Fig.  4G). 
These data suggest that metformin is effective in restor-
ing learning and memory impairment in CLP rat model.

Metformin alleviates CLP‑induced synaptic dysfunction
We have shown that CLP synaptic plasticity impairments 
via dysregulation of synaptic proteins. We therefore 

wanted to see whether metformin could improve these 
alterations. LTP test showed that the slope of fEPSP in 
CLP group was lower than that in control group. How-
ever, this effect was significantly recovered in the Met  
+  CLP group (Fig. 5A, B). Western blotting was used to 
detect synaptic proteins in the hippocampus (Fig.  5C), 
and it was found that the levels of NR2B (Fig. 5D), PSD95 
(Fig. 5E), SYN (Fig. 5F), SYT (Fig. 5G) in the Met  +  CLP 
group were similar to those in the control group, while 
they were significantly reduced in the CLP group. These 
results suggest that metformin can abrogatesynaptic 
damage caused by CLP and improve cognitive function.

Metformin pretreatment attenuates the release 
of inflammatory factors
It is suspected that CLP triggers the release of various 
pro-inflammatory mediators in the hippocampus to 
induce learning and memory impairments, while met-
formin restored cognitive impairment. In order to inves-
tigate the mechanism of metformin on learning and 

Fig. 3 Cecum ligation and puncture upregulates the release of inflammatory factors. Enzyme-linked immunosorbent assay (ELISA) Kits were used 
to detect inflammatory factors including IL-1β (A), IL-6 (B), IL-17 (C),TNF-α (D), and IFN-γ (E). n  = 3. p value significance is calculated from a T test, 
and data are represented as mean  ±  SEM. *p  < 0.05, **p  < 0.01 vs control group
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memory recovery in Met  +  CLP rats, we used enzyme-
linked immunosorbent assay (ELISA) kit to detect 
inflammatory factors. The results showed that met-
formin significantly reduced the up-regulated inflamma-
tory cytokines IL-1β (Fig. 6A), IL-6(Fig. 6B), and TNF-α 
(Fig.  6C) in the Met  +  CLP group compared with the 
CLP group. These data suggest that metformin inter-
vention may alleviate CLP-induced neuron damage and 
cognitive impairment by reducing the release of inflam-
matory factors.

Discussion
More and more data showed that the morbidity and 
mortality of sepsis in intensive care unit are increasing 
[26–28]. The use of antibiotics can effectively reduce 
the occurrence of systemic infection, but patients still 
face long-term and serious problems such as physical, 

psychological and cognitive impairments [6, 29]. We 
here used the classical CLP model to mimic sepsis, Novel 
Objective Recognition and Morris Water Maze experi-
ment were employed to detect learning and memory 
impairments after CLP intervention which is accompa-
nied by the release of a large number of inflammatory 
factors. Metformin has anti-anxiety and anti-depression 
effects in patients with type 2 diabetes [13]. Therefore, we 
hypothesized that metformin might have a certain thera-
peutic potential in cognitive impairment.

Thus, to verify our hypothesis, metformin was injected 
into the lateral ventricle, and the results showed that 
metformin significantly improved cognitive deficits and 
synaptic disorders in Met  +  CLP rats. It has been known 
that metformin plays an important role in lowering blood 
sugar and fighting inflammation, whereby it inhibits 
NF-κB signaling and reduces cellular inflammation [30–
32]. Treatments that suppress the inflammatory process 

Fig. 4 Metformin alleviates CLP-induced cognitive impairment. A Experimental design sketch. The open field results showed no significant 
difference in the total distance covered (B). Novel object recognition test (NOR) showed the measured recognition index of the new object at 2 h 
(C) and 24 h (D). Morris water maze (MWM) result showed the latency to find the hidden platform (E). On day 6, the platform was removed, and the 
time spent in the target quadrant (F), and the number of target platform crossing (G) were evaluated. n  = 10. p value significance is calculated from 
a one-way ANOVA or two-way ANOVA tests, all data represent mean  ±  SEM. *p  < 0.05, **p  < 0.01vs CLP group
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Fig. 5 Metformin alleviates CLP-induced synaptic dysfunction. A, B CA3-CA1 fEPSP mean slope recorded from the CA1 dendritic region 
in hippocampal slices, n  = 3. Hippocampal tissues were homogenized, and synaptic protein levels were detected by immunoblotting (C). 
Postsynaptic proteins NR2B (D), PSD95 (E) and pre-synaptic proteins SYN (F), SYT (G) were evaluated. n  =  3. p value significance is calculated from a 
one-way ANOVA or two-way ANOVA tests, all data represent mean  ±  SEM. *p  < 0.05, **p  < 0.01 vs CLP group

Fig. 6 Metformin pretreatment attenuates the release of inflammatory factors. A–C Enzyme-linked immunosorbent assay (ELISA) Kits were used to 
detect inflammatory factors including IL-1β (A), IL-6 (B), and TNF-α (C). n  = 3. p value significance is calculated from a one-way ANOVA test, all data 
represent mean  ±  SEM. *p  < 0.05, **p  <  0.01 vs CLP group
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can be very beneficial in cognitive impairment setting 
as neuroinflammation was reported to play a key role in 
many neurodegenerative diseases [33, 34]. A key regula-
tor of inflammatory processes is the nuclear factor κB 
(NF-κB) pathway. NF-κB regulates the expression of pro-
inflammatory and pro-apoptotic genes in its active form. 
Molecules that interact with NF-κB, as well as subunits 
that make up NF-κB itself, represent therapeutic targets 
that can be modulated to reduce inflammation [35, 36]. 
The findings from our studies suggest that NF-κB may be 
an important metformin target for CLP-mediated cogni-
tive impairment as metformin blocked the translocation 
of NF-κB from the cytoplasm to the nucleus.

Activation of NF-κB mediates the transfer of P65 from 
the cytoplasm to the nucleus, which in turn mediates 
immune responses and the release of pro-inflammatory 
mediators [37, 38]. Therefore, we further investigated 
whether CLP affects NF-κB expression. We isolated cyto-
plasmic and nuclear fractions and investigated the effect 
of metformin on nuclear NF-κB translocation by West-
ern blotting. Compared with the CLP group, NF-κB pro-
tein level in cytoplasm was significantly increased in the 
Met  +  CLP group (Additional file 1: Fig. S1A, B), while 
nuclear NF-κB level was decreased in the Met  +  CLP 
group (Additional file 1: Fig. S1C, D). This suggests that 
metformin alleviates CLP-induced neuroinflammation by 
blocking the NF-κB cytoplasmic to nuclear translocation.

Our project is exploring molecular mechanisms. The 
molecular mechanism currently being explored is the 
activation of the NF-κB pathway after CLP surgery, 
which induces neuronal injury by activating the release 
of activated inflammatory factors. With the interven-
tion of metformin, metformin inhibits the kinase JNK/
AKT activity, thereby inhibiting the NF-κB pathway and 
improving cognitive impairment, so we need to improve 
it based on this part of the mechanic research.

Conclusion
In the present study, a large amount of data confirmed 
that CLP could induce learning and memory dysfunc-
tion in rats. Metformin injection into the lateral ventricle 
could reduce inflammation in the hippocampus, restore 
synaptic protein expression, and improve synaptic dam-
age. These results suggest that metformin therapy may 
be helpful for the recovery of learning and memory func-
tion after sepsis-induced neuronal injury and cognitive 
impairment, and provide a basis for clinical intervention 
in the complications of sepsis.
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