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Abstract 

Background  Postoperative cognitive dysfunction (POCD) is common following surgery in elderly patients. The role 
of the preoperative gut microbiota in POCD has attracted increasing attention, but the potential underlying mecha-
nisms remain unclear. This research aimed to investigate the impact of the preoperative gut microbiota on POCD.

Methods  Herein, we analyzed the preoperative gut microbiota of POCD patients through a prospective speci-
men collection and retrospective blinded evaluation study. Then, we transferred the preoperative gut microbiota 
of POCD patients to antibiotic-treated rats and established POCD model by abdominal surgery to explore the impact 
of the preoperative gut microbiota on pre- and postoperative cognitive function and systemic inflammation. The gut 
microbiota was analyzed using 16S rRNA sequencing analysis. The Morris water maze test was performed to evaluate 
learning and memory abilities. The inflammatory cytokines TNF-α, IL-1β and IL-6 in the serum and hippocampus were 
measured by ELISA. Microglia were examined by immunofluorescence staining for Iba-1.

Results  Based on the decrease in the postoperative MMSE score, 24 patients were identified as having POCD 
and were matched with 24 control patients. Compared with control patients, POCD patients exhibited higher BMI 
and lower preoperative MMSE score. The preoperative gut microbiota of POCD patients had lower bacterial rich-
ness but a larger distribution, decreased abundance of Firmicutes and increased abundance of Proteobacteria 
than did that of control patients. Compared with rats that received preoperative fecal samples of control patients, 
rats that received preoperative fecal samples of POCD patients presented an increased abundance of Desulfobac-
terota, decreased cognitive function, increased levels of TNF-α and IL-1β in the serum, increased levels of TNF-α 
and greater microglial activation in the hippocampus. Additionally, correlation analysis revealed a positive association 
between the abundance of Desulfobacterota and the level of serum TNF-α in rats. Then, we performed abdominal 
surgery to investigate the impact of the preoperative gut microbiota on postoperative conditions, and the surgery 
did indeed cause POCD and inflammatory response. Notably, compared with rats that received preoperative fecal 
samples of control patients, rats that received preoperative fecal samples of POCD patients displayed exacerbated 
cognitive impairment; increased levels of TNF-α, IL-1β and IL-6 in the serum and hippocampus; and increased activa-
tion of microglia in the hippocampus.
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Introduction
The number of elderly patients undergoing surgery 
has significantly increased and is projected to increase 
further. Postoperative cognitive dysfunction (POCD), 
characterized by an objectively measurable decline 
in cognition at varying intervals, is common follow-
ing surgery in elderly patients [1]. It is a complicated 
problem persisting well beyond the expected pharma-
cological and physiological effects of anesthetic drugs, 
leading to prolonged postoperative mechanical ventila-
tion and hospitalization time, as well as increased mor-
bidity and mortality [2].

There is a growing realization that the gut micro-
biota plays an essential role in regulating brain func-
tion through the gut-microbiota-brain axis and that 
gut microbiota dysbiosis is associated with many neu-
rological disorders [3, 4]. Specifically, animal research 
has indicated that microbial dysbiosis is related to cog-
nitive impairment and that probiotics have a beneficial 
effect on regulating cognitive function [5–7]. Clinically, 
although POCD occurs after surgery, it is related to 
preoperative indicators, including the gut microbiota. 
Notably, perioperative application of oral probiotics can 
decrease the incidence of POCD in elderly patients [8]. 
Additionally, typical features of the gut microbiota have 
been identified as relevant predictors for POCD [9, 10]. 
Therefore, it is essential to determine the impact of the 
preoperative gut microbiota on postoperative cognition 
to provide effective prevention strategies for POCD.

The communication between the gut and brain is 
mediated by multiple complex pathways, and signals 
from the gut microbiota may play important roles in 
the development of neuroinflammation-induced POCD 
[11, 12]. Nevertheless, microglial activation and pro-
inflammatory cytokine secretion were also observed 
in patients with POCD [13]. While inhibiting neuro-
inflammation by regulating the gut microbiota can 
improve cognitive function [14]. Therefore, the aim 
of this study was to investigate the preoperative gut 
microbiota of elderly patients who underwent ortho-
pedic surgery and to identify the potential of micro-
bial biomarkers for the prediction of POCD. Moreover, 
fecal microbiota transplantation (FMT) experiments 
were conducted in rats to explore the impacts of pre-
operative gut microbiota from POCD patients on 

pre- and postoperative cognitive function and systemic 
inflammation.

Methods
Human donors and POCD assessment
This study was approved by the Ethics Committee 
for Scientific Research and Clinical Trials of the First 
Affiliated Hospital of Zhengzhou University (2022-KY-
0919-001) and registered at https://​www.​chictr.​org.​cn/ 
(ChiCTR2200063571). Preoperative fecal samples were 
obtained from patients who underwent orthopedic sur-
gery (prospective-specimen collection, retrospective-
blinded-evaluation) at the First Affiliated Hospital of 
Zhengzhou University. All patients voluntarily par-
ticipated in this study and signed an informed consent 
form. The inclusion criteria were as follows: (1) elderly 
(≥ 60 years old), (2) underwent orthopedic surgery (con-
ventional open surgery—spine surgery or hip arthro-
plasty or knee surgery under general anesthesia), (3) 
had a body mass index (BMI) of 18–32  kg/m2, (4) had 
an American Society of Anesthesiologists (ASA) physi-
cal status of I–II, and (5) had a preoperative Mini-Men-
tal State Examination (MMSE) score based on different 
educational levels: score > 17 with 0–4 years of education, 
or score > 20 with 5–8  years of education, or score > 24 
with more than 9 years of education [15]. The exclusion 
criteria were patients who (1) had a history of gastroin-
testinal surgery, (2) had digestive system diseases, or (3) 
had taken drugs that might have had an impact on the 
gut microbiota within one year. The elimination criteria 
were as follows: patients who (1) were unable to provide 
fecal samples before surgery, (2) changed the surgical 
approach to minimally invasive surgery, (3) suffered from 
serious complications during or after surgery, includ-
ing massive bleeding, surgery time exceeding 4 h or ICU 
admission, or (4) refused postoperative follow-up.

Among the various neuropsychological tests, the 
MMSE is the most frequently used tool to identify POCD 
[16]. In this study, the participants underwent MMSE 
assessment by trained doctors at 2 time points: before 
surgery and within 7  days after surgery. After the pre-
operative interview with the MMSE, fecal samples were 
collected from eligible participants before surgery. All 
participants received standardized anesthesia and post-
operative analgesia. General anesthesia was induced 

Conclusions  Our findings suggest that the preoperative gut microbiota of POCD patients can induce preoperative 
and aggravate postoperative cognitive impairment and systemic inflammation in rats. Modulating inflammation 
by targeting the gut microbiota might be a promising approach for preventing POCD.
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sequentially with etomidate, alfentanil and rocuronium 
and was maintained with sevoflurane, propofol and 
remifentanil under the supervision of an experienced 
anesthesiologist according to individual clinical condi-
tions. Postoperative pain was administered by acute pain 
services via a patient-controlled intravenous analge-
sia pump with 0.2 mg/kg hydromorphone in 200 mL of 
normal saline. POCD was defined as a decrease in the 
postoperative MMSE score of at least 3 points compared 
with the preoperative MMSE score [8, 17]. Participants 
who completed postoperative follow-up were classified 
into two groups: the POCD group and the control group, 
which were matched by sex, age (within 3 years of differ-
ence) and surgical type.

Animal recipients
Healthy adult male Sprague‒Dawley rats (aged 
18 months; body weight, 500 ± 20 g) were purchased from 
the Experimental Animal Center of Zhengzhou Univer-
sity. The animals were housed in an SPF-grade animal 
facility with free access to water and food. The facility 
had a 12 h light/dark cycle, a temperature of 20 ± 2 °C and 
a relative humidity of 40–60%. Rats were acclimatized 
to the new conditions for 2 weeks before FMT. Fifty rats 
were divided into 5 groups (n = 10): the C group, P group, 
Sham-C group, Surgery-C group, and Surgery-P group. C 
and P represented FMT with fecal microbiota from con-
trol patients and POCD patients, respectively. Sham and 
Surgery represented sham surgery and abdominal sur-
gery, respectively. All animal experiments were approved 
by the Ethics Committee of the Experimental Animal 
Platform of the School of Medical Sciences, Zhengzhou 
University (ZZU-LAC2231201) and conducted accord-
ing to the Guidelines for the Care and Use of Laboratory 
Animals.

Fecal microbiota transplantation (FMT)
Preoperative fecal samples from participants were col-
lected into sterile tubes and frozen at − 80  °C until use. 
Control patients and POCD patients supplied different 
amounts of fecal samples and each sample was pack-
aged after weighing. Before use, each sample was diluted 
with sterilized PBS buffer, and the mixture was vortexed, 
centrifuged and resuspended to 150 mg/ml of fecal sus-
pension. One fecal suspension was used for each rat. 
As described in previous studies [18–20], rats were fed 
drinking water containing ampicillin (1  g/L), metroni-
dazole (1  g/L), vancomycin (500  mg/L), ciprofloxacin 
hydrochloride (200  mg/L) and imipenem (250  mg/L) 
for 2 weeks to eliminate the indigenous gut microbiota. 
Then, FMT was performed thrice weekly for 3 weeks by 
oral gavage in a volume of 300 μL of homogenized fecal 
suspension. Rats in the C group, Sham-C group and 

Surgery-C group were transplanted with fecal microbiota 
from control patients. Rats in the P group and Surgery-
P group were transplanted with fecal microbiota from 
POCD patients.

Surgery
Abdominal surgical procedures known to result in POCD 
were performed based on previous studies [21, 22]. 
Briefly, rats were anesthetized with 2–3% isoflurane for 
induction. Surgery was performed under 1.5–2% isoflu-
rane anesthesia, and body temperature was maintained 
at 37 ± 0.5 °C. After the abdominal region was sterilized, 
a 3  cm vertical incision was made, and the abdominal 
cavity was exposed to explore the abdominal organs and 
musculature. Then, approximately 10 ​cm of the intestine 
was taken out and rubbed for 30  s using fingers. Next, 
the intestine was returned, and the abdominal wall along 
the incision was infiltrated with 0.25% ropivacaine to 
relieve surgery-related pain. Then, the surgical incision 
was closed from the peritoneal muscles to the skin by 
sterile suture, and the rats were placed on a heat blanket 
until anesthesia recovery. Rats in the Sham-C group were 
anesthetized and sterilized according to the above meth-
ods. Rats in the Surgery-C group and Surgery-P group 
received anesthesia and abdominal surgery according to 
the above methods.

Morris water maze (MWM)
The MWM test was performed to evaluate the learning 
and memory abilities of the rats. The test was conducted 
in a black circular tank (150 cm in diameter and 50 cm 
in height) filled with water (22 ± 2  °C) and divided into 
four quadrants. The escape platform (diameter 10  cm) 
was placed in the middle of one quadrant 1  cm below 
the water surface. The swimming path of each rat was 
recorded by an overhead video camera. The MWM test 
consisted of two sessions: the acquisition session and the 
probe trial session. During the acquisition session for 5 
consecutive days, the rats were placed in the water facing 
the wall of the pool in one of the four quadrants. Each rat 
was allowed 120 s to find and mount the platform. When 
the rat found the platform, it was kept on the platform 
for 10 s. If the rat did not find the platform within 120 s, 
it was guided to the platform and allowed to stay on it 
for 10 s, after which the escape latency was recorded as 
120  s. The escape latency, path length and swimming 
speed were recorded. On day 6 of the probe trial ses-
sion, the escape platform was removed. Trained rats were 
placed in the quadrant opposite to the platform quadrant 
and allowed to swim for 120 s. The number of platform 
crossings and time spent in the targeted quadrant were 
recorded.
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Enzyme‑linked immunosorbent assay (ELISA)
The inflammatory cytokines of tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-
6) were measured using ELISA kits. For serum, blood 
samples were isolated by centrifugation and stored at 
−  80  °C until analysis. For the hippocampus, the sam-
ples were dissected, homogenized in RIPA lysis buffer 
and centrifuged. Subsequently, the supernatant was 
separated, and the total protein concentration was deter-
mined. Commercially available ELISA kits for detect-
ing TNF-α (CER1393, CRK Pharma, Wuhan, China), 
IL-1β (CER1094, CRK Pharma, Wuhan, China) and IL-6 
(CER0042, CRK Pharma, Wuhan, China) were used in 
accordance with the manufacturer’s instructions.

Immunofluorescence
The expression of ionized calcium binding adaptor mol-
ecule 1 (Iba-1) was detected by immunofluorescence 
staining to observe the microglia in the hippocam-
pus. The brain sections were immersed, deparaffinized, 
hydrated and boiled for antigen retrieval. After washing 
with PBS, the sections were incubated with 3% bovine 
serum albumin (BSA)/10% normal goat serum for 30 min 
to block nonspecific binding. Then, the sections were 
incubated in sequence with primary anti-Iba-1 antibody 
(ab178846, Abcam) at 4 °C overnight and the secondary 
antibody goat anti-rabbit IgG-H&L (Alexa Fluor® 647) 
(ab150079, 1:1000, Abcam) at room temperature in the 
dark. The nuclei were counterstained with 4′,6-diamid-
ino-2-phenylindole (DAPI). Fluorescence signals were 
obtained by laser scanning confocal microscopy (Nikon, 
Tokyo, Japan).

16S rRNA sequencing analysis
For 16S rRNA sequencing analysis, DNA was extracted 
using E.Z.N.A. ® Stool DNA Kit (Omega Bio-tek, Inc., 
GA, USA). The V3-V4 region of the bacterial 16S rRNA 
gene was amplified with the universal primers F1 and R2 
(5′-CCT​ACG​GGNGGC​WGC​AG-3′ and 5′-GAC​TAC​
HVGGG​TAT​CTA​ATC​-C-3′). Subsequently, PCRs were 
run in a T100™ Thermal Cycler PCR system (Bio-Rad 
Laboratories, Inc., CA, USA). The products were puri-
fied and then sequenced using the MiSeq platform (Illu-
mina Inc., CA, USA). The bacterial communities were 
calculated using amplicon sequence variants (ASVs), 
and the diversity was analyzed by QIIME2 and R soft-
ware (v3.6.1). The α-diversity was calculated using the 
abundance-based coverage estimator (ACE), Chao, Shan-
non and Simpson indices. The β-diversity was examined 
using Principal Coordinates Analysis (PCoA) based on 
weighted UniFrac distances with visualization of the 
grouping [23, 24]. The statistical comparison of the rela-
tive abundances of bacterial communities was conducted 

using the Wilcoxon rank sum test. Linear discriminant 
analysis Effect Size (LEfSe) was used to analyze the cru-
cial bacterial communities from the phylum to genus 
level. PICRUSt2 software was used to align the functional 
gene sequences with the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway database.

Statistical analysis
Statistical analysis in this study was conducted using 
SPSS 22.0 software (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 9 (GraphPad Software, San Diego, CA). 
Continuous variables between the two groups with nor-
mal distribution were analyzed using t test after a homo-
geneity of variance test; otherwise, the Wilcoxon rank 
sum test was used. Categorical variables were presented 
as n (%) and were compared with the Wilcoxon test or 
Fisher’s exact test. The associations between clinical vari-
ables and bacterial communities were tested by multi-
variable association with linear models 2 (MaAsLin2). 
Logistic regression was used to establish and compare 
the predictive models. Escape latency was compared by 
repeated-measures ANOVA. Correlations between the 
abundance of microbial communities and inflammatory 
cytokine levels were analyzed by Spearman rank correla-
tion. Statistical comparisons of three groups were con-
ducted using one-way ANOVA or the Kruskal–Wallis 
test. P < 0.05 was considered statistically significant.

Results
POCD patients exhibit a shift in the preoperative gut 
microbiota composition
In the present study, 125 patients provided qualified pre-
operative fecal samples and were successfully followed 
up (Additional file 1: Table S1). Among them, 24 patients 
were included in the POCD group, and the incidence 
was 19.2%. Another 24 patients were matched by sex, age 
and surgical type and were included in the control group. 
The clinical characteristics of the 48 patients included in 
the microbial analysis were shown in Additional file  1: 
Table S2. There were no significant differences in educa-
tion level, preoperative ESR, preoperative CRP, operative 
time, recovery time or VAS pain score between the two 
groups. However, the BMI in the POCD group was higher 
than that in the control group (25.3 ± 2.8 vs 23.7 ± 2.5) 
(Fig.  1A). In addition, the preoperative MMSE score in 
the POCD group was significantly lower than that in the 
control group (22.7 ± 4.0 vs 26.7 ± 2.9) (Fig. 1B).

Then, we analyzed the gut microbiota in preopera-
tive fecal samples from the 48 participants in the two 
groups by 16S rRNA gene sequencing analysis. As 
shown in the Venn diagram (Fig.  1C), a total of 933 
ASVs were detected. There were 577 overlapping ASVs 
between the two groups, 169 belonging to the POCD 
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group and 187 belonging to the control group. Accord-
ing to the α-diversity analysis [23], the POCD group 
had significantly higher ACE, Chao and Shannon indi-
ces (the higher the value, the higher the richness), but 
lower Simpson indices (the higher the value, the lower 
the richness) than the control group (Fig.  1D), suggest-
ing that POCD patients had lower bacterial richness. 
For β-diversity analysis [24], PCoA analysis based on 

weighted UniFrac distances revealed that the POCD 
group had a relatively larger distribution area than the 
control group (Fig.  1E). Changes in the main bacterial 
communities at the phylum and genus levels were shown 
in Fig. 1F, G. At the phylum level, the relative abundance 
of Firmicutes significantly decreased, while that of Pro-
teobacteria significantly increased in the POCD group 
(Fig. 1H). There was no statistically significant difference 

Fig. 1  POCD patients exhibit a shift in the preoperative gut microbiota composition. Comparison of BMI (A) and preoperative MMSE score (B) 
between POCD patients (n = 24) and control patients (n = 24). C Venn diagram of ASVs. D The α-diversity indices of the ACE, Chao, Shannon 
and Simpson indices. E The β-diversity analysis of the PCoA plot based on weighted UniFrac distances. Changes in the relative abundances 
of the main bacterial communities at the phylum (F) and genus (G) levels. The relative abundances of bacterial communities with significant 
differences at the phylum (H) and genus (I) levels. J Cladogram of LEfSe results comparing bacterial communities from the phylum to genus level. 
K ROC curves of the two predictive models with or without data on the preoperative gut microbiota. L KEGG pathway functional gene difference 
analysis. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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in the Firmicutes/Bacteroidetes ratio (F/B ratio) between 
the two groups (Additional file 1: Fig. S1A). The commu-
nities with significant differences between the two groups 
at the genus level were shown in Fig. 1I. LEfSe cladogram 
analysis revealed crucial bacterial communities from the 
phylum to genus level between the two groups (Fig. 1J).

To identify the crucial bacterial communities that were 
not affected by clinical variables, we tested the relation-
ships between the preoperative clinical variables (BMI, 
education level, preoperative MMSE score, ESR and CRP) 
and differential microbial communities by MaAsLin2. 
The parameter q value < 0.25 was considered statistically 
significant and we did not find any statistically significant 
associations. Therefore, the crucial bacterial communi-
ties identified by LEfSe were all related to POCD group-
ing. Next, we explored the predictive potential of the 
crucial bacterial communities. According to the logistic 
regression results, preoperative clinical indicators of BMI 
and preoperative MMSE score were selected to construct 
a predictive model (Model 1). The model had an area 
under the ROC curve (AUC) of 0.828. Among the cru-
cial bacterial communities, the order Oscillospirales and 
three families, Ruminococcaceae, Oscillospiraceae and 

Butyricicoccaceae, were selected to construct a predic-
tive model combined with BMI and preoperative MMSE 
score (Model 2). This model had an AUC of 0.965, sug-
gesting the potential of preoperative crucial bacterial 
communities to predict POCD (Fig.  1K). In addition, 
KEGG pathway analysis revealed significant functional 
gene differences, as shown in Fig.  1L. Taken together, 
these findings indicated that POCD patients exhibit a 
shift in the preoperative gut microbiota composition.

Rats that received FMT from preoperative fecal samples 
of POCD patients exhibit a shift in gut microbiota 
composition
To study the impact of the preoperative gut microbiota 
of POCD patients on brain health, rats in the C group 
(n = 10) and P group (n = 10) were transplanted with 
fecal microbiota from either control patients or POCD 
patients, respectively. After the MWM test, fecal sam-
ples were collected from the rats in sterile tubes and 
frozen at −  80  °C until analysis (Fig.  2A). The fecal 
samples were analyzed by 16S rRNA gene sequencing 
analysis, which revealed no significant differences in 
α-diversity or β-diversity between the two groups. As 

Fig. 2  Rats that received FMT exhibit a shift in gut microbiota composition. A Experimental design. After 2 weeks of acclimatization, the rats were 
treated with antibiotics for 2 weeks. Then, fecal suspensions from either control patients or POCD patients were transferred to C group (n = 10) or P 
group (n = 10) rats for 3 weeks. After 6 days of the MWM test, fecal samples, blood samples and brain tissue were collected from the rats for further 
analysis. B Venn diagram of ASVs. C PCoA plot based on weighted UniFrac distances between the two groups. Changes in the relative abundances 
of the main bacterial communities at the phylum (D) and genus (E) levels. F The relative abundance of the Desulfobacterota phylum. G The bacterial 
communities with significant differences at genus levels. H Cladogram of LEfSe results comparing bacterial communities from the phylum to genus 
level. I KEGG pathway functional gene difference analysis. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01
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shown in the Venn diagram (Fig.  2B), a total of 1327 
ASVs were detected. There were 559 overlapping ASVs 
between the two groups, 524 belonging to the P group 
and 244 belonging to the C group. The PCoA plot based 
on weighted UniFrac distances was shown in Fig.  2C. 
Changes in the main bacterial communities at the phy-
lum and genus levels were shown in Fig.  2D, E. Com-
pared with that in the C group, the abundance of the 
Desulfobacterota phylum significantly increased in 
the P group (Fig. 2F). The F/B ratios of the two groups 
were not significantly different (Additional file  1: Fig. 
S1B). The communities with significant differences 
between the two groups at the genus level were shown 
in Fig.  2G. The cladogram of LEfSe analysis showed 
crucial bacterial communities from the phylum to 
genus level between the two groups (Fig. 2H). In addi-
tion, KEGG pathway analysis revealed four significantly 

different functional gene pathways whose expression 
increased in the P group (Fig. 2G).

Rats that received FMT from preoperative fecal samples 
of POCD patients exhibit cognitive impairment 
and systemic inflammation
After FMT, the MWM test was conducted to measure 
cognitive function (Fig.  2A). In the acquisition session, 
the escape latency of the rats in both groups tended to 
decrease, while the C group rats spent less time finding 
the target platform from day 3 to day 5, suggesting that 
the P group rats exhibited worse spatial learning per-
formance (Fig. 3A). No motor dysfunction was detected 
according to the swimming speed results (Fig. 3B). In the 
probe trial session, rats in the P group spent less time (%) 
in the target quadrant (Fig. 3C) and crossed the platform 
less frequently than did those in the C group (Fig.  3D). 

Fig. 3  Rats that received FMT exhibit cognitive impairment and systemic inflammation. Escape latency (A) and swimming speed (B) of the C group 
and P group rats from days 1 to 5 during the acquisition session of the MWM test. The swimming time in the target quadrant (C) and number 
of platform crossings (D) of the C group and P group rats on day 6 during the probe trial session of the MWM test. E Typical motion traces of the rats 
in the MWM test. Levels of TNF-α (F), IL-1β (G) and IL-6 (H) in the serum of the rats. Levels of TNF-α (I), IL-1β (J) and IL-6 (K) in the hippocampus 
of the rats. L Spearman rank correlation analysis of the relative abundance of the Desulfobacterota phylum and the level of TNF-α in the serum 
of the rats. M Quantitative analysis of Iba-1+ (microglial marker) cells. N Representative immunofluorescence images of Iba-1+ (red) staining 
in the hippocampus of rats (scale bar = 500 μm). O Representative immunofluorescence images of nuclei (blue) and Iba-1+ (red) staining 
in the hippocampus of rats (scale bar = 100 μm). Data are expressed as mean ± SEM. *P < 0.05, ns P ≥ 0.05
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Figure 3E illustrated the typical motion traces during the 
MWM test. The results indicated that the preoperative 
gut microbiota of POCD patients could induce cognitive 
impairment in rats.

After the MWM test, rats were anesthetized with iso-
flurane and sacrificed by perfusion with normal saline. 
Blood samples and brain tissue were harvested (Fig. 2A). 
To investigate the impact of the preoperative gut micro-
biota of POCD patients on peripheral inflammation in 
rats, we detected the levels of the inflammatory cytokines 
TNF-α, IL-1β and IL-6 in the serum by ELISA. Compared 
with those in the C group, TNF-α and IL-1β expres-
sion was significantly increased in the P group (Fig.  3F, 
G). However, IL-6 expression did not significantly dif-
fer between the two groups (Fig. 3H). We also detected 
inflammatory cytokines in the hippocampus and found 
that TNF-α expression was significantly increased in the 
P group than in the C group (Fig. 3I). However, IL-1β and 
IL-6 expression did not significantly differ between the 
two groups (Fig. 3J, K). We further conducted a correla-
tion analysis of the inflammatory cytokines and microbial 
communities. Interestingly, the relative abundance of the 
Desulfobacterota phylum showed a positive association 
with the level of TNF-α in the serum (Fig. 3L), suggesting 
the impact of microbial dysbiosis on peripheral inflam-
mation. Then, activated microglia in the hippocampus 
were observed by Iba-1 staining. Compared with that in 
the C group, the Iba-1+ cells were significantly increased 
in the P group (Fig. 3M), suggesting a neuroinflammatory 
response. Representative immunofluorescence images 
were shown in Fig.  3N, O. Taken together, the results 
indicated that the preoperative gut microbiota of POCD 
patients could induce neuroinflammation in rats and the 
peripheral inflammation might be one of the potential 
mechanisms.

Changes in the preoperative gut microbiota aggravate 
postoperative cognitive impairment and systemic 
inflammation in rats
To investigate the impact of the preoperative gut micro-
biota of POCD patients on postoperative cognitive func-
tion and inflammatory response in rats, FMT experiment 
was repeated in 30 rats that were randomly divided into 3 
groups, namely, the Sham-C group (n = 10) and Surgery-
C group (n = 10) rats, which received fecal microbiota 
from control patients, and the Surgery-P group (n = 10) 
rats, which received fecal microbiota from POCD 
patients. Rats in the Surgery-C and Surgery-P groups 
underwent abdominal surgery to establish the POCD 
model, and rats in the Sham-C group underwent sham 
surgery. Next, the MWM test was conducted on postop-
erative days 7–12, and the serum and hippocampal sam-
ples were analyzed (Fig. 4A).

In the acquisition session, the escape latency of the 
rats in each group tended to decrease. Compared with 
Surgery-C group rats, Sham-C group rats required less 
time to find the target platform from day 4 to day 5, 
and Surgery-P group rats required more time to find 
the target platform from day 2 to day 5, suggesting that 
Surgery-P group rats exhibited the worst spatial learn-
ing performance (Fig.  4B). No motor dysfunction was 
detected according to swimming speed (Fig. 4C). In the 
probe trial session, the Sham-C group rats spent less time 
(%) in the target quadrant and crossed the platform less 
frequently, and the Surgery-P group rats spent more time 
(%) in the target quadrant and crossed the platform more 
frequently than did the Surgery-C group rats (Fig. 4D, E), 
indicating the aggravated cognitive impairment caused 
by the surgical trauma and microbial dysbiosis. Typical 
motion traces of the three groups were shown in Fig. 4F.

Additionally, the inflammatory cytokines in the serum 
and hippocampus of the rats were detected by ELISA. The 
results showed that, both in the serum (Fig.  4G–I) and 
in the hippocampus (Fig.  4J–L), the TNF-α, IL-1β and 
IL-6 levels were significantly lower in the Sham-C group 
and higher in the Surgery-P group compared with that 
in the Surgery-C group, indicating the surgery-induced 
inflammatory response, as well as the greater secretion 
of proinflammatory cytokines mediated by the microbial 
dysbiosis. Then, Iba-1 staining of the hippocampus was 
performed to observe the activated microglia, and rep-
resentative immunofluorescence images were shown in 
Fig. 4M, N. Compared with that in the Surgery-C group, 
the Iba-1+ cells were significantly decreased in the Sham-
C group and increased in the Surgery-P group (Fig. 4O), 
suggesting the aggravated neuroinflammation caused by 
the surgical trauma as well as microbial dysbiosis. Taken 
together, these results indicated that the changes in pre-
operative gut microbiota from POCD patients could 
aggravate POCD and systemic inflammation in rats.

Discussion
In this study, we investigated the preoperative gut micro-
biota of POCD patients by 16S rRNA gene sequencing 
analysis and demonstrated the differences in the charac-
teristics and the predictive potential for POCD patients. 
Furthermore, we investigated the impact of the preop-
erative gut microbiota from POCD patients on cogni-
tive function and systemic inflammation in rats by FMT, 
suggesting aggravated cognitive impairment and inflam-
matory responses from the pre- to postoperative stages 
(Fig. 5).

In clinical researches, the inconsistent diagnosis of 
POCD has led to significant variation between published 
studies, and the incidence of POCD varies from 10 to 
40% at 7  days after different types of surgeries [25]. In 
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this study, the incidence of POCD was 19.2% in elderly 
patients who underwent orthopedic surgery, which was 
similar to the median incidence of 19.3% reported in pre-
vious studies [26]. Several risk factors for POCD have 
been characterized, such as old age, preoperative inflam-
mation, long operative time and postoperative pain [27]. 
In this study, the POCD patients had higher BMI and 
lower preoperative MMSE score. On the one hand, many 
studies have shown the association between high BMI 
and cognitive dysfunction in elderly patients [28, 29]. In 
addition, the increased F/B ratio has been suggested to 

be related to obesity [30, 31], whereas we found no sig-
nificant difference in the F/B ratio between the control 
and POCD patients. On the other hand, the lower pre-
operative MMSE score in the POCD group indicated that 
preoperative mild cognitive impairment that was not rec-
ognized by the MMSE could increase the risk of POCD, 
which was consistent with the findings of previous stud-
ies [32, 33].

The predictive potential of the preoperative gut micro-
biota for POCD has been revealed in previous stud-
ies [9]. Notably, preoperative stress can alter the gut 

Fig. 4  Changes in the preoperative gut microbiota aggravate POCD and systemic inflammation in rats. A Experimental design. After 2 weeks 
of acclimatization and 2 weeks of antibiotic treatment, fecal material from either control patients or POCD patients was transferred to Sham-C 
group (n = 10)/Surgery-C group (n = 10) or Surgery-P group (n = 10) rats for 3 weeks. Then, the rats underwent sham surgery or abdominal surgery. 
The MWM test was conducted on postoperative days 7–12. Serum and hippocampal samples were subsequently analyzed. Escape latency (B) 
and swimming speed (C) of the three groups of rats from days 1 to 5 during the acquisition session of MWM test. The swimming time in the target 
quadrant (D) and number of platform crossings (E) of the three groups of rats on day 6 during the probe trial session of the MWM test. F Typical 
motion traces of the three groups of rats in the MWM test. Levels of TNF-α (G), IL-1β (H) and IL-6 (I) in the serum of rats. Levels of TNF-α (J), IL-1β 
(K) and IL-6 (L) in the hippocampus of rats. M Representative immunofluorescence images of Iba-1+ (red) staining in the hippocampus of rats 
(scale bar = 500 μm). N Representative immunofluorescence images of nuclei (blue) and Iba-1+ (red) staining in the hippocampus of rats (scale 
bar = 100 μm). O Quantitative analysis of Iba-1+ (microglial marker) cells. Data are expressed as mean ± SEM. compared with Sham-C group, *P < 0.05, 
**P < 0.01; compared with Surgery-C group, #P < 0.05, ## P < 0.01
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microbiota and aggravate postoperative emotional defi-
cits [34]. Additionally, probiotic therapy can improve 
postoperative cognitive function [8]. However, due to dif-
ferences in diet and lifestyle in different regions, the com-
position of microbial communities also varies. Overall, 
microbial dysbiosis in patients with cognitive impairment 
is characterized by an increase in proinflammatory bac-
teria and a decrease in anti-inflammatory bacteria [35]. 
In this study, Proteobacteria, which is one of the most 
abundant phyla in humans and contains several oppor-
tunistic pathogens, exhibited increased abundance in 
POCD patients. This increase has been demonstrated in 
several neurodegenerative diseases and cognitive defi-
cits [36–38]. Additionally, Firmicutes, which is the pre-
dominant bacterial phylum and has beneficial effects on 
health, had a decreased abundance in POCD patients. 
Similarly, its decrease has been observed in Parkinson’s 
disease patients [39, 40].

Nevertheless, the mechanisms by which the preop-
erative gut microbiota affects brain function remain 
to be elucidated. In the present study, we used FMT 
to investigate the shift in microbial composition in 
rats. We found the abundance of the Desulfobacterota 
phylum, which has been found to be related to various 
neurological diseases, significantly increased in the P 
group rats. Besides, in the stress-induced depressive-
like behavior model of rats, there was also an increase 

of Desulfobacterota, and the depressive-like behavior 
could be improved by reducing the Desulfobacterota 
[41]. Additionally, in mouse model of Parkinson’s dis-
ease, the motor impairments and neuronal deficits 
could be alleviated by suppressing Desulfobacterota 
[42]. However, although it is commonly used, FMT 
lacks methodological standardization, and its influen-
tial factors should be considered when designing stud-
ies [18]. A comparative evaluation study suggested that 
the recipient rats could establish a bacterial community 
more similar to human-donor than the recipient mice 
[43]. Therefore, rats were selected in this study. In addi-
tion, the antibiotic-depleted microbiota model was 
conducted based on previous studies [19, 20, 44–46], 
but it could not completely eliminate the indigenous 
gut microbiota.

Along with the shift in the gut microbiota, the rats 
receiving fecal samples from POCD patients exhibited 
increased TNF-α levels in the serum and hippocampus. 
TNF-α is a proinflammatory cytokine predominantly 
secreted by macrophages. It is involved in the regula-
tion of inflammation and neurological disorders includ-
ing POCD [47]. In the hippocampus, increased levels 
of TNF-α also indicate microglial activation [48, 49]. 
Previous evidence has shown that inhibiting TNF-α can 
reduce neuroinflammation and alleviate POCD in aged 
rats [50]. Furthermore, our findings revealed a correla-
tion between the TNF-α level in serum and the relative 

Fig. 5  Schematic illustration of the impact of the preoperative gut microbiota on POCD. Dysbiosis of the preoperative gut microbiota, 
with an increase in proinflammatory bacteria and a decrease in anti-inflammatory bacteria, is associated with POCD via regulation 
of the gut-microbiota-brain axis. In rats receiving FMT from the preoperative gut microbiota of POCD patients, dysbiosis of the gut microbiota 
induces preoperative and aggravates postoperative peripheral inflammation, causing varying degrees of neuroinflammation and cognitive 
impairment
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abundance of the Desulfobacterota phylum, indicating 
that the inflammation plays an essential role in the gut-
microbiota-brain axis [51, 52].

The results of the FMT experiment in this study could 
only explain the preoperative situation. Therefore, we 
further used the POCD model to explore the impact of 
the preoperative gut microbiota on the postoperative 
outcome. The comparison between the Sham-C group 
and Surgery-C group indicated successful establishment 
of the POCD model. Notably, the comparison between 
the Surgery-C group and Surgery-P group indicated 
aggravated cognitive impairment and neuroinflammation 
mediated by the preoperative gut microbiota. Indeed, 
POCD is a multifactorial disorder. Systemic inflam-
mation caused by surgery plays a significant role in the 
pathogenesis of POCD [48, 52]. Not only can the gut 
microbiota directly control the neuroinflammation, but 
surgery can also affect neuroinflammation through the 
gut microbiota [14, 53]. Given that, we speculate two 
possible mechanisms by which POCD is induced by the 
preoperative gut microbiota. One is that preoperative 
neuroinflammation (induced by the preoperative gut 
microbiota) is directly aggravated by surgery. The other is 
that surgery causes microbial dysbiosis, aggravating post-
operative neuroinflammation through the gut-microbi-
ota-brain axis (Fig. 5).

Specifically, the IL-1β in the hippocampus only 
increased after surgery and the reason might be related 
to its paradoxical effect on the central nervous system 
(CNS). IL-1β is an inducible cytokine predominantly 
secreted by blood myeloid cells, lymphocytes, CNS 
microglia and astrocytes [54]. In Alzheimer’s disease, 
IL-1β in the CNS not only participates in proinflamma-
tory responses but also regulates the physiology of micro-
glia by upregulating the expression of anti-inflammatory 
mediators [55]. Moreover, the IL-6 in the serum and hip-
pocampus only increased after surgery and the reason 
might be related to its dynamic changes [56]. Clinical 
study has shown its dynamic changes in plasma which 
is associated with postoperative cognitive function [57]. 
In addition, different animals, inflammatory cytokines, 
brain regions, etc., may also have different results in dif-
ferent experiments [58, 59].

Several limitations in this study should be noted. 
First, the sample size of the recruited patients for 
microbiota analysis is too small. Second, the assessment 
of POCD is based on the MMSE, which is insufficient 
in screening mild cognitive dysfunction [60]. Third, in 
the FMT experiment, the exploration of the mecha-
nisms involved only inflammation, without in-depth 
research on the intestinal barrier, blood–brain barrier 
or metabolism. Fourth, due to the difficulty in obtain-
ing qualified postoperative fecal samples, we did not 

study the postoperative gut microbiota, which should 
be considered in future research. Moreover, we cannot 
exclude the possibility that our results were affected by 
an uncontrolled confounder.

Conclusions
In summary, our study suggests that POCD patients 
exhibit a shift in the preoperative gut microbiota. 
Through FMT, we provide evidence that the preop-
erative gut microbiota of POCD patients can induce 
peripheral inflammation, neuroinflammation and 
microglial activation, leading to cognitive impairment 
in rats. In addition, mediated by the dysbiosis of pre-
operative gut microbiota, surgical trauma can aggravate 
postoperative cognitive impairment and neuroinflam-
mation. Therefore, targeting the gut microbiota to reg-
ulate inflammation may be a promising strategy for 
preventing POCD.

Abbreviations
POCD	� Postoperative cognitive dysfunction
FMT	� Fecal microbiota transplantation
BMI	� Body mass index
ASA	� American Society of Anesthesiologists
MMSE	� Mini-Mental State Examination
MWM	� Morris water maze
ELISA	� Enzyme‑linked immunosorbent assay
TNF-α	� Tumor necrosis factor-α
IL-1β	� Interleukin-1β
IL-6	� Interleukin-6
Iba-1	� Ionized calcium binding adaptor molecule 1
ASV	� Amplicon sequence variant
ACE	� Abundance-based coverage estimator
PCoA	� Principal Coordinates Analysis
LEfSe	� Linear discriminant analysis effect size
KEGG	� Kyoto Encyclopedia of Genes and Genomes
MaAsLin	� Multivariable association with linear models
AUC​	� Area under the ROC curve
CNS	� Central nervous system

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​024-​03220-6.

Additional file 1: Table S1. Clinical characteristics of the 125 patients. 
Table S2. Clinical characteristics of the 48 patients. Figure S1. Firmicutes/
Bacteroidetes ratio (F/B ratio) of the gut microbiota.

Acknowledgements
We would like to thank the Department of Infectious Diseases, the First 
Affiliated Hospital of Zhengzhou University (Zhigang Ren, etc.), and Shanghai 
Mobio Biomedical Technology Co., Ltd. (Hongyan Ren, Hui Chen, etc.) for their 
technical support.

Author contributions
XW, FX and WZ contributed to the study conception and design. XW, FZ, DC, 
YHZ and FZ contributed to clinical data collection, sample collection and 
neurological assessments. XW, FX, YWX and FZ contributed to the animal 
experiments. YWX, FZ, DC and YHZ contributed to the ELISA and immuno-
fluorescence experiments. XW, FX and WZ contributed to the data analysis 

https://doi.org/10.1186/s12974-024-03220-6
https://doi.org/10.1186/s12974-024-03220-6


Page 12 of 13Wei et al. Journal of Neuroinflammation          (2024) 21:221 

and manuscript writing. All the authors have read and approved the final 
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
[NSFC82002086, NSFC82001187 and NSFC82071240].

Availability of data and materials
All the data used and/or analyzed in this study are presented in the main text 
and additional files. Additional data and materials are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The clinical study was approved by the Ethics Committee for Scientific 
Research and Clinical Trials of the First Affiliated Hospital of Zhengzhou 
University (2022-KY-0919–001) and registered at https://​www.​chictr.​org.​cn/ 
(ChiCTR2200063571). All participants provided written informed consent. The 
animal experiments were conducted according to the Guidelines for the Care 
and Use of Laboratory Animals and approved by the Ethics Committee of the 
Experimental Animal Platform of the School of Medical Sciences, Zhengzhou 
University (ZZU-LAC2231201).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Anesthesiology, Pain and Perioperative Medicine, The First 
Affiliated Hospital of Zhengzhou University, Zhengzhou, China. 2 Depart-
ment of Orthopedics, The First Affiliated Hospital of Zhengzhou University, 
Zhengzhou, China. 

Received: 19 June 2024   Accepted: 2 September 2024

References
	1.	 Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmus-

sen LS, et al. Recommendations for the nomenclature of cognitive 
change associated with anaesthesia and surgery-2018. Br J Anaesth. 
2018;121(5):1005–12. https://​doi.​org/​10.​1016/j.​bja.​2017.​11.​087.

	2.	 Migirov A, Chahar P, Maheshwari K. Postoperative delirium and neurocog-
nitive disorders. Curr Opin Crit Care. 2021;27(6):686–93. https://​doi.​org/​
10.​1097/​MCC.​00000​00000​000882.

	3.	 Zhang Y, Baldyga K, Dong Y, Song W, Villanueva M, Deng H, et al. The 
association between gut microbiota and postoperative delirium in 
patients. Transl Psychiatry. 2023;13(1):156. https://​doi.​org/​10.​1038/​
s41398-​023-​02450-1.

	4.	 Bonnechère B, Amin N, van Duijn C. What are the key gut microbiota 
involved in neurological diseases? A systematic review. Int J Mol Sci. 
2022;23(22):13665. https://​doi.​org/​10.​3390/​ijms2​32213​665.

	5.	 Li Y, Ning L, Yin Y, Wang R, Zhang Z, Hao L, et al. Age-related shifts in gut 
microbiota contribute to cognitive decline in aged rats. Aging (Albany 
NY). 2020;12(9):7801–17. https://​doi.​org/​10.​18632/​aging.​103093.

	6.	 Jiang XL, Gu XY, Zhou XX, Chen XM, Zhang X, Yang YT, et al. Intestinal 
dysbacteriosis mediates the reference memory deficit induced by 
anaesthesia/surgery in aged mice. Brain Behav Immun. 2019;80:605–15. 
https://​doi.​org/​10.​1016/j.​bbi.​2019.​05.​006.

	7.	 Yang X, Yu D, Xue L, Li H, Du J. Probiotics modulate the microbiota-gut-
brain axis and improve memory deficits in aged SAMP8 mice. Acta Pharm 
Sin B. 2020;10(3):475–87. https://​doi.​org/​10.​1016/j.​apsb.​2019.​07.​001.

	8.	 Wang P, Yin X, Chen G, Li L, Le Y, Xie Z, et al. Perioperative probiotic treat-
ment decreased the incidence of postoperative cognitive impairment in 

elderly patients following non-cardiac surgery: a randomised double-
blind and placebo-controlled trial. Clin Nutr. 2021;40(1):64–71. https://​doi.​
org/​10.​1016/j.​clnu.​2020.​05.​001.

	9.	 Bi J, Xu Y, Li S, Zhan G, Hua D, Tan J, et al. Contribution of preopera-
tive gut microbiota in postoperative neurocognitive dysfunction in 
elderly patients undergoing orthopedic surgery. Front Aging Neurosci. 
2023;15:1108205. https://​doi.​org/​10.​3389/​fnagi.​2023.​11082​05.

	10.	 Liu H, Cheng G, Xu YL, Fang Q, Ye L, Wang CH, et al. preoperative status of 
gut microbiota predicts postoperative delirium in patients with gastric 
cancer. Front Psychiatry. 2022;13:852269. https://​doi.​org/​10.​3389/​fpsyt.​
2022.​852269.

	11.	 Mou Y, Du Y, Zhou L, Yue J, Hu X, Liu Y, et al. Gut microbiota interact 
with the brain through systemic chronic inflammation: implications on 
neuroinflammation, neurodegeneration, and aging. Front Immunol. 
2022;13:796288. https://​doi.​org/​10.​3389/​fimmu.​2022.​796288.

	12.	 Li Z, Zhu Y, Kang Y, Qin S, Chai J. Neuroinflammation as the underlying 
mechanism of postoperative cognitive dysfunction and therapeutic 
strategies. Front Cell Neurosci. 2022;16:843069. https://​doi.​org/​10.​3389/​
fncel.​2022.​843069.

	13.	 Peng W, Lu W, Jiang X, Xiong C, Chai H, Cai L, et al. Current progress on 
neuroinflammation-mediated postoperative cognitive dysfunction: an 
update. Curr Mol Med. 2023;23(10):1077–86. https://​doi.​org/​10.​2174/​
15665​24023​66622​11181​40523.

	14.	 Yang Y, Xu Z, Guo J, Xiong Z, Hu B. Exploring the gut microbiome-postop-
erative cognitive dysfunction connection: mechanisms, clinical implica-
tions, and future directions. Brain Behav Immun Health. 2024;38:100763. 
https://​doi.​org/​10.​1016/j.​bbih.​2024.​100763.

	15.	 Crum RM, Anthony JC, Bassett SS, Folstein MF. Population-based norms 
for the Mini-Mental State Examination by age and educational level. 
JAMA. 1993;269(18):2386–91.

	16.	 Yang X, Huang X, Li M, Jiang Y, Zhang H. Identification of individuals at 
risk for postoperative cognitive dysfunction (POCD). Ther Adv Neurol Dis-
ord. 2022;15:17562864221114356. https://​doi.​org/​10.​1177/​17562​86422​
11143​56.

	17.	 Huang H, Chou J, Tang Y, Ouyang W, Wu X, Le Y. Nomogram to predict 
postoperative cognitive dysfunction in elderly patients undergoing 
gastrointestinal tumor resection. Front Aging Neurosci. 2022;14:1037852. 
https://​doi.​org/​10.​3389/​fnagi.​2022.​10378​52.

	18.	 Gheorghe CE, Ritz NL, Martin JA, Wardill HR, Cryan JF, Clarke G. Investigat-
ing causality with fecal microbiota transplantation in rodents: applica-
tions, recommendations and pitfalls. Gut Microbes. 2021;13(1):1941711. 
https://​doi.​org/​10.​1080/​19490​976.​2021.​19417​11.

	19.	 Grabrucker S, Marizzoni M, Silajdžić E, Lopizzo N, Mombelli E, Nicolas S, 
et al. Microbiota from Alzheimer’s patients induce deficits in cognition 
and hippocampal neurogenesis. Brain. 2023;146(12):4916–34. https://​doi.​
org/​10.​1093/​brain/​awad3​03.

	20.	 Kelly JR, Borre Y, O’Brien C, Patterson E, El Aidy S, Deane J, et al. Transfer-
ring the blues: Depression-associated gut microbiota induces neurobe-
havioural changes in the rat. J Psychiatr Res. 2016;82:109–18. https://​doi.​
org/​10.​1016/j.​jpsyc​hires.​2016.​07.​019.

	21.	 Shen J, Xu J, Wen Y, Tang Z, Li J, Sun J. Carnosine ameliorates postopera-
tive cognitive dysfunction of aged rats by limiting astrocytes pyroptosis. 
Neurotherapeutics. 2024;21:e00359. https://​doi.​org/​10.​1016/j.​neurot.​
2024.​e00359.

	22.	 Barrientos RM, Hein AM, Frank MG, Watkins LR, Maier SF. Intracisternal 
interleukin-1 receptor antagonist prevents postoperative cognitive 
decline and neuroinflammatory response in aged rats. J Neurosci. 
2012;32(42):14641–8.

	23.	 CD Genomics. The use and types of alpha-diversity metrics in microbial 
NGS. https://​www.​cd-​genom​ics.​com/​micro​bioseq/​the-​use-​and-​types-​of-​
alpha-​diver​sity-​metri​cs-​in-​micro​bial-​ngs.​html. Accessed 7 Aug 2024

	24.	 Qian XB, Chen T, Xu YP, Chen L, Sun FX, Lu MP, et al. A guide to human 
microbiome research: study design, sample collection, and bioinformat-
ics analysis. Chin Med J (Engl). 2020;133(15):1844–55. https://​doi.​org/​10.​
1097/​CM9.​00000​00000​000871.

	25.	 Evered LA, Silbert BS. Postoperative cognitive dysfunction and noncar-
diac surgery. Anesth Analg. 2018;127(2):496–505. https://​doi.​org/​10.​1213/​
ANE.​00000​00000​003514.

	26.	 Kitsis P, Zisimou T, Gkiatas I, Kostas-Agnantis I, Gelalis I, Korompilias A, 
et al. Postoperative delirium and postoperative cognitive dysfunction in 
patients with elective hip or knee arthroplasty: a narrative review of the 

https://www.chictr.org.cn/
https://doi.org/10.1016/j.bja.2017.11.087
https://doi.org/10.1097/MCC.0000000000000882
https://doi.org/10.1097/MCC.0000000000000882
https://doi.org/10.1038/s41398-023-02450-1
https://doi.org/10.1038/s41398-023-02450-1
https://doi.org/10.3390/ijms232213665
https://doi.org/10.18632/aging.103093
https://doi.org/10.1016/j.bbi.2019.05.006
https://doi.org/10.1016/j.apsb.2019.07.001
https://doi.org/10.1016/j.clnu.2020.05.001
https://doi.org/10.1016/j.clnu.2020.05.001
https://doi.org/10.3389/fnagi.2023.1108205
https://doi.org/10.3389/fpsyt.2022.852269
https://doi.org/10.3389/fpsyt.2022.852269
https://doi.org/10.3389/fimmu.2022.796288
https://doi.org/10.3389/fncel.2022.843069
https://doi.org/10.3389/fncel.2022.843069
https://doi.org/10.2174/1566524023666221118140523
https://doi.org/10.2174/1566524023666221118140523
https://doi.org/10.1016/j.bbih.2024.100763
https://doi.org/10.1177/17562864221114356
https://doi.org/10.1177/17562864221114356
https://doi.org/10.3389/fnagi.2022.1037852
https://doi.org/10.1080/19490976.2021.1941711
https://doi.org/10.1093/brain/awad303
https://doi.org/10.1093/brain/awad303
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.neurot.2024.e00359
https://doi.org/10.1016/j.neurot.2024.e00359
https://www.cd-genomics.com/microbioseq/the-use-and-types-of-alpha-diversity-metrics-in-microbial-ngs.html
https://www.cd-genomics.com/microbioseq/the-use-and-types-of-alpha-diversity-metrics-in-microbial-ngs.html
https://doi.org/10.1097/CM9.0000000000000871
https://doi.org/10.1097/CM9.0000000000000871
https://doi.org/10.1213/ANE.0000000000003514
https://doi.org/10.1213/ANE.0000000000003514


Page 13 of 13Wei et al. Journal of Neuroinflammation          (2024) 21:221 	

literature. Life (Basel). 2022;12(2):314. https://​doi.​org/​10.​3390/​life1​20203​
14.

	27.	 Kong H, Xu LM, Wang DX. Perioperative neurocognitive disorders: a 
narrative review focusing on diagnosis, prevention, and treatment. CNS 
Neurosci Ther. 2022;28(8):1147–67. https://​doi.​org/​10.​1111/​cns.​13873.

	28.	 Feinkohl I, Winterer G, Pischon T. Obesity and post-operative cognitive 
dysfunction: a systematic review and meta-analysis. Diabetes Metab Res 
Rev. 2016;32(6):643–51. https://​doi.​org/​10.​1002/​dmrr.​2786.

	29.	 Barber TM, Kyrou I, Randeva HS, Weickert MO. Mechanisms of insulin 
resistance at the crossroad of obesity with associated metabolic abnor-
malities and cognitive dysfunction. Int J Mol Sci. 2021;22(2):546. https://​
doi.​org/​10.​3390/​ijms2​20205​46.

	30.	 Houtman TA, Eckermann HA, Smidt H, de Weerth C. Gut microbiota and 
BMI throughout childhood: the role of firmicutes, bacteroidetes, and 
short-chain fatty acid producers. Sci Rep. 2022;12(1):3140. https://​doi.​org/​
10.​1038/​s41598-​022-​07176-6.

	31.	 Stojanov S, Berlec A, Štrukelj B. The influence of probiotics on the firmi-
cutes/bacteroidetes ratio in the treatment of obesity and inflammatory 
bowel disease. Microorganisms. 2020;8(11):1715. https://​doi.​org/​10.​3390/​
micro​organ​isms8​111715.

	32.	 Silbert B, Evered L, Scott DA, McMahon S, Choong P, Ames D, et al. 
Preexisting cognitive impairment is associated with postoperative cogni-
tive dysfunction after hip joint replacement surgery. Anesthesiology. 
2015;122(6):1224–34. https://​doi.​org/​10.​1097/​ALN.​00000​00000​000671.

	33.	 Bekker A, Lee C, de Santi S, Pirraglia E, Zaslavsky A, Farber S, et al. Does 
mild cognitive impairment increase the risk of developing postoperative 
cognitive dysfunction. Am J Surg. 2010;199(6):782–8. https://​doi.​org/​10.​
1016/j.​amjsu​rg.​2009.​07.​042.

	34.	 Lei L, Ji M, Yang J, Chen S, Gu H, Yang JJ. Gut microbiota-mediated meta-
bolic restructuring aggravates emotional deficits after anesthesia/surgery 
in rats with preoperative stress. Front Immunol. 2022;13:819289. https://​
doi.​org/​10.​3389/​fimmu.​2022.​819289.

	35.	 Cattaneo A, Cattane N, Galluzzi S, Provasi S, Lopizzo N, Festari C, et al. 
Association of brain amyloidosis with pro-inflammatory gut bacterial 
taxa and peripheral inflammation markers in cognitively impaired elderly. 
Neurobiol Aging. 2017;49:60–8. https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​
2016.​08.​019.

	36.	 Rizzatti G, Lopetuso LR, Gibiino G, Binda C, Gasbarrini A. Proteobacteria: a 
common factor in human diseases. Biomed Res Int. 2017;2017:9351507. 
https://​doi.​org/​10.​1155/​2017/​93515​07.

	37.	 Shi H, Ge X, Ma X, Zheng M, Cui X, Pan W, et al. A fiber-deprived diet 
causes cognitive impairment and hippocampal microglia-mediated 
synaptic loss through the gut microbiota and metabolites. Microbiome. 
2021;9(1):223. https://​doi.​org/​10.​1186/​s40168-​021-​01172-0.

	38.	 Nagpal R, Neth BJ, Wang S, Craft S, Yadav H. Modified Mediterranean-
ketogenic diet modulates gut microbiome and short-chain fatty acids in 
association with Alzheimer’s disease markers in subjects with mild cogni-
tive impairment. EBioMedicine. 2019;47:529–42. https://​doi.​org/​10.​1016/j.​
ebiom.​2019.​08.​032.

	39.	 Sun Y, Zhang S, Nie Q, He H, Tan H, Geng F, et al. Gut firmicutes: relation-
ship with dietary fiber and role in host homeostasis. Crit Rev Food Sci 
Nutr. 2023;63(33):12073–88. https://​doi.​org/​10.​1080/​10408​398.​2022.​
20982​49.

	40.	 Mehanna M, AbuRaya S, Ahmed SM, Ashmawy G, Ibrahim A, AbdelKhaliq 
E. Study of the gut microbiome in Egyptian patients with Parkinson’s 
disease. BMC Microbiol. 2023;23(1):196. https://​doi.​org/​10.​1186/​
s12866-​023-​02933-7.

	41.	 Rao J, Xie R, Lin L, Jiang J, Du L, Zeng X, et al. Fecal microbiota transplan-
tation ameliorates gut microbiota imbalance and intestinal barrier dam-
age in rats with stress-induced depressive-like behavior. Eur J Neurosci. 
2021;53(11):3598–611. https://​doi.​org/​10.​1111/​ejn.​15192.

	42.	 Xu Z, Lian C, Pan L, Lai W, Zhang F, Peng L, et al. N-acetyl-L-leucine 
protects MPTP-treated Parkinson’s disease mouse models by suppressing 
Desulfobacterota via the gut-brain axis. Brain Res Bull. 2023;202:110729. 
https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2023.​110729.

	43.	 Le Roy T, Debédat J, Marquet F, Da-Cunha C, Ichou F, Guerre-Millo M, et al. 
Comparative evaluation of microbiota engraftment following fecal micro-
biota transfer in mice models: age, kinetic and microbial status matter. 
Front Microbiol. 2018;9:3289. https://​doi.​org/​10.​3389/​fmicb.​2018.​03289.

	44.	 Turner PV, Brabb T, Pekow C, Vasbinder MA. Administration of substances 
to laboratory animals: routes of administration and factors to consider. J 
Am Assoc Lab Anim Sci. 2011;50(5):600–13.

	45.	 Gratton J, Phetcharaburanin J, Mullish BH, Williams HR, Thursz M, Nichol-
son JK, et al. Optimized sample handling strategy for metabolic profiling 
of human feces. Anal Chem. 2016;88(9):4661–8. https://​doi.​org/​10.​1021/​
acs.​analc​hem.​5b041​59.

	46.	 Walter J, Armet AM, Finlay BB, Shanahan F. Establishing or exaggerating 
causality for the gut microbiome: lessons from human microbiota-associ-
ated rodents. Cell. 2020;180(2):221–32. https://​doi.​org/​10.​1016/j.​cell.​2019.​
12.​025.

	47.	 Tan XX, Qiu LL, Sun J. Research progress on the role of inflammatory 
mechanisms in the development of postoperative cognitive dysfunction. 
Biomed Res Int. 2021;2021:3883204. https://​doi.​org/​10.​1155/​2021/​38832​
04.

	48.	 Olmos G, Lladó J. Tumor necrosis factor alpha: a link between neuroin-
flammation and excitotoxicity. Mediators Inflamm. 2014;2014:861231. 
https://​doi.​org/​10.​1155/​2014/​861231.

	49.	 Idriss HT, Naismith JH. TNF alpha and the TNF receptor superfamily: 
structure-function relationship(s). Microsc Res Tech. 2000;50(3):184–95. 
https://​doi.​org/​10.​1002/​1097-​0029(20000​801)​50:3%​3c184::​AID-​JEMT2%​
3e3.0.​CO;2-H.

	50.	 Ma Y, Cheng Q, Wang E, Li L, Zhang X. Inhibiting tumor necrosis factor-α 
signaling attenuates postoperative cognitive dysfunction in aged rats. 
Mol Med Rep. 2015;12(2):3095–100. https://​doi.​org/​10.​3892/​mmr.​2015.​
3744.

	51.	 Morais LH, Schreiber HL 4th, Mazmanian SK. The gut microbiota-brain 
axis in behaviour and brain disorders. Nat Rev Microbiol. 2021;19(4):241–
55. https://​doi.​org/​10.​1038/​s41579-​020-​00460-0.

	52.	 Zhao Q, Wan H, Pan H, Xu Y. Postoperative cognitive dysfunction-current 
research progress. Front Behav Neurosci. 2024;18:1328790. https://​doi.​
org/​10.​3389/​fnbeh.​2024.​13287​90.

	53.	 Erny D, Hrabě de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David 
E, et al. Host microbiota constantly control maturation and function of 
microglia in the CNS. Nat Neurosci. 2015;18(7):965–77. https://​doi.​org/​10.​
1038/​nn.​4030.

	54.	 Mendiola AS, Cardona AE. The IL-1β phenomena in neuroinflammatory 
diseases. J Neural Transm (Vienna). 2018;125(5):781–95. https://​doi.​org/​
10.​1007/​s00702-​017-​1732-9.

	55.	 Cherry JD, Olschowka JA, O’Banion MK. Arginase 1+ microglia reduce 
Aβ plaque deposition during IL-1β-dependent neuroinflammation. J 
Neuroinflam. 2015;12:203. https://​doi.​org/​10.​1186/​s12974-​015-​0411-8.

	56.	 Kummer KK, Zeidler M, Kalpachidou T, Kress M. Role of IL-6 in the 
regulation of neuronal development, survival and function. Cytokine. 
2021;144:155582. https://​doi.​org/​10.​1016/j.​cyto.​2021.​155582.

	57.	 Taylor J, Wu JG, Kunkel D, Parker M, Rivera C, Casey C, et al. Resolution of 
elevated interleukin-6 after surgery is associated with return of normal 
cognitive function. Br J Anaesth. 2023;131(4):694–704. https://​doi.​org/​10.​
1016/j.​bja.​2023.​05.​023.

	58.	 Hovens IB, van Leeuwen BL, Nyakas C, Heineman E, van der Zee EA, 
Schoemaker RG. Postoperative cognitive dysfunction and microglial 
activation in associated brain regions in old rats. Neurobiol Learn Mem. 
2015;118:74–9. https://​doi.​org/​10.​1016/j.​nlm.​2014.​11.​009.

	59.	 Ishijima T, Nakajima K. Inflammatory cytokines TNFα, IL-1β, and IL-6 are 
induced in endotoxin- stimulated microglia through different signaling 
cascades. Sci Prog. 2021;104(4):368504211054985. https://​doi.​org/​10.​
1177/​00368​50421​10549​85.

	60.	 Jia X, Wang Z, Huang F, Su C, Du W, Jiang H, et al. A comparison of the 
Mini-Mental State Examination (MMSE) with the Montreal Cognitive 
Assessment (MoCA) for mild cognitive impairment screening in Chinese 
middle-aged and older population: a cross-sectional study. BMC Psychia-
try. 2021;21(1):485. https://​doi.​org/​10.​1186/​s12888-​021-​03495-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/life12020314
https://doi.org/10.3390/life12020314
https://doi.org/10.1111/cns.13873
https://doi.org/10.1002/dmrr.2786
https://doi.org/10.3390/ijms22020546
https://doi.org/10.3390/ijms22020546
https://doi.org/10.1038/s41598-022-07176-6
https://doi.org/10.1038/s41598-022-07176-6
https://doi.org/10.3390/microorganisms8111715
https://doi.org/10.3390/microorganisms8111715
https://doi.org/10.1097/ALN.0000000000000671
https://doi.org/10.1016/j.amjsurg.2009.07.042
https://doi.org/10.1016/j.amjsurg.2009.07.042
https://doi.org/10.3389/fimmu.2022.819289
https://doi.org/10.3389/fimmu.2022.819289
https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://doi.org/10.1155/2017/9351507
https://doi.org/10.1186/s40168-021-01172-0
https://doi.org/10.1016/j.ebiom.2019.08.032
https://doi.org/10.1016/j.ebiom.2019.08.032
https://doi.org/10.1080/10408398.2022.2098249
https://doi.org/10.1080/10408398.2022.2098249
https://doi.org/10.1186/s12866-023-02933-7
https://doi.org/10.1186/s12866-023-02933-7
https://doi.org/10.1111/ejn.15192
https://doi.org/10.1016/j.brainresbull.2023.110729
https://doi.org/10.3389/fmicb.2018.03289
https://doi.org/10.1021/acs.analchem.5b04159
https://doi.org/10.1021/acs.analchem.5b04159
https://doi.org/10.1016/j.cell.2019.12.025
https://doi.org/10.1016/j.cell.2019.12.025
https://doi.org/10.1155/2021/3883204
https://doi.org/10.1155/2021/3883204
https://doi.org/10.1155/2014/861231
https://doi.org/10.1002/1097-0029(20000801)50:3%3c184::AID-JEMT2%3e3.0.CO;2-H
https://doi.org/10.1002/1097-0029(20000801)50:3%3c184::AID-JEMT2%3e3.0.CO;2-H
https://doi.org/10.3892/mmr.2015.3744
https://doi.org/10.3892/mmr.2015.3744
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.3389/fnbeh.2024.1328790
https://doi.org/10.3389/fnbeh.2024.1328790
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1007/s00702-017-1732-9
https://doi.org/10.1007/s00702-017-1732-9
https://doi.org/10.1186/s12974-015-0411-8
https://doi.org/10.1016/j.cyto.2021.155582
https://doi.org/10.1016/j.bja.2023.05.023
https://doi.org/10.1016/j.bja.2023.05.023
https://doi.org/10.1016/j.nlm.2014.11.009
https://doi.org/10.1177/00368504211054985
https://doi.org/10.1177/00368504211054985
https://doi.org/10.1186/s12888-021-03495-6

	Preoperative gut microbiota of POCD patients induces pre- and postoperative cognitive impairment and systemic inflammation in rats
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Human donors and POCD assessment
	Animal recipients
	Fecal microbiota transplantation (FMT)
	Surgery
	Morris water maze (MWM)
	Enzyme-linked immunosorbent assay (ELISA)
	Immunofluorescence
	16S rRNA sequencing analysis
	Statistical analysis

	Results
	POCD patients exhibit a shift in the preoperative gut microbiota composition
	Rats that received FMT from preoperative fecal samples of POCD patients exhibit a shift in gut microbiota composition
	Rats that received FMT from preoperative fecal samples of POCD patients exhibit cognitive impairment and systemic inflammation
	Changes in the preoperative gut microbiota aggravate postoperative cognitive impairment and systemic inflammation in rats

	Discussion
	Conclusions
	Acknowledgements
	References


