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Purpose: To investigate the effect of preoperative sleep disorders (SD) on postoperative enteral nutrition intolerance (ENI) and
intestinal barrier, and explore its potential mechanism.

Patients and Methods: This study was a prospective cohort study that included 67 patients (26 in SD group and 41 in non-SD
group) undergoing digestive tract tumor surgery. Preoperative sleep status was assessed using the Pittsburgh Sleep Quality Index.
Postoperative ENI was evaluated using the Enteral Nutrition Tolerance Scale. Perioperative serum cortisol, intestinal barrier markers
(D-lactate, diamine oxidase and human lipopolysaccharide binding protein), ferroptosis markers (ferrous ions, reduced glutathione and
lipid peroxide malondialdehyde) and intestinal flora characteristics were measured.

Results: The incidence of ENI in SD group was 53.8%, which was significantly higher than that in non-SD group (26.8%, P=0.038).
Perioperative levels of serum intestinal barrier markers in SD group were higher than those in non-SD group (P<0.05). The
preoperative cortisol level was positively correlated with the increase in the intestinal barrier marker human lipopolysaccharide
binding protein (r=0.3621, P=0.0170) and ferroptosis marker malondialdehyde (r=0.3660, P=0.0171). In SD group, the relative
abundance of opportunistic pathogens (Enterobacteriaceae, Burkholderiaceae, etc) increased, while the relative abundance of probio-
tics (Bifidobacteriaceae) decreased.

Conclusion: Preoperative sleep disturbances were significantly associated with the occurrence of postoperative enteral nutrition
intolerance in patients with gastrointestinal tumors. The intestinal barrier damage of these patients may be related to hypothalamic-

pituitary-adrenal axis activation, oxidative stress induction and intestinal flora imbalance.

Plain Language Summary:

Why was this study done?

We investigated whether sleep disorders before gastrointestinal cancer surgery affect patients’ ability to tolerate enteral nutrition after
surgery and examined the biological reasons behind this.

What did the researchers do?

We followed 67 patients undergoing digestive tract tumor surgery (26 with sleep disorders, 41 without). Using standard medical tools:
1. Assessed sleep quality with the Pittsburgh Sleep Quality Index; 2. Measured enteral nutrition intolerance (ENI) symptoms; 3. Tested
blood levels of: stress hormone (cortisol), gut damage markers (D-lactate, DAO, LBP), cell stress indicators (ferrous ions, glutathione,
MDA) and gut bacteria.

What did we find?

Patients with preoperative sleep disorders: 1. Had significantly more ENI (54% vs 27%); 2. Showed higher gut barrier damage
markers; 3. Had abnormal ferroptosis-related substances (|glutathione, {MDA); 4. Had more harmful bacteria (Enterobacteriaceae)
and fewer probiotics (Bifidobacteriaceae).
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What do these results mean?
Sleep disorders before surgery may increase postoperative ENI through: 1. Stress system activation (HPA axis — cortisol 1);
2. Iron-related cell damage (ferroptosis); 3. Gut bacteria imbalance.
Practical implications:
* For patients: Improving sleep quality before surgery may aid recovery
* For doctors: Monitoring cortisol or probiotics could help high-risk patients

Keywords: sleep wake disorders, postoperative gastrointestinal motility disorders, gastrointestinal microbiome, oxidative stress

Introduction

Perioperative sleep disorders (SD) refer to sleep problems that occur before and after surgery, such as difficulty falling
asleep, sleep interruption, and sleep fragmentation.' Perioperative SD may last for several days to several months,
seriously affecting postoperative recovery and quality of life. Epidemiological investigations” show that about 60% of
patients have significant sleep problems before surgery, which is closely related to poor prognosis such as postoperative
nausea and vomiting (PONV)? and worsening pain.*

The incidence of malnutrition is common in patients with digestive tract tumors.’ The European Society of Parenteral
and Enteral Nutrition (ESPEN) clinical practice guidelines® recommend that patients undergoing surgery for digestive
tract tumors should start enteral nutrition within 24 hours after surgery. However, postoperative gastrointestinal
dysfunction is an important reason for limited early postoperative application of enteral nutrition.

Postoperative gastrointestinal dysfunction (PGD)’ is a common adverse reaction after surgery, manifested as
decreased gastrointestinal mobility, digestive and absorption disorders, and delayed defecation. Mild PGD often
manifests as enteral nutrition intolerance (ENI), that is, symptoms such as vomiting, abdominal pain, abdominal
distension, and diarrhea occur after oral administration or pumping of nutrient solution.® Severe PGD can manifest as
gastric emptying disorder (postoperative gastroparesis) and postoperative intestinal obstruction (POI).

It is generally believed that the mechanism of ENI in patients with digestive tract tumors includes intestinal and
autonomic nervous system dysfunction,” changes in hormone regulation pathways,'® systemic inflammatory reactions,
and imbalance of intestinal flora."! Age, gender, diabetes, BMI, severity of the disease, and stress response after surgical

injury (eg, time, extent, and method of surgery)'*'*

are all considered potential risk factors for the development of ENI.

In reports of intestinal diseases such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD),
sleep disorders are thought to be related to visceral hypersensitivity!> and active inflammation of intestinal
tissue.'® The severity of abdominal pain, diarrhea, and constipation symptoms reported by patients were closely
related to the degree of sleep disorders and significantly improved after improving sleep conditions.'” Animal
experiments have also found'® that sleep deprivation can directly cause DNA damage through oxidative stress,
thereby destroying intestinal cell function. This suggests that sleep disorders may affect the occurrence and
development of postoperative ENI through mechanisms such as HPA axis activation, systemic inflammatory
response, and oxidative stress.

As the main component of the gastrointestinal tract, the intestinal flora has been shown to mediate interactions
between the nervous system and the gastrointestinal tract through the microbiota-gut-brain axis (MGB Axis)."” Its

metabolites, such as SCFAs, have dual functions as neurotransmitters and endocrine hormones?®?!

and can not only
participate in the brain’s regulation of sleep but also significantly impact gastrointestinal motility and barrier function.
This study was intended to explore the association between preoperative sleep disorders and postoperative ENI in
patients with digestive tract tumors. To explore the mediators linking preoperative sleep disorders to postoperative ENI,
we further investigated the function of the HPA axis, systemic inflammation, oxidative stress, and changes in intestinal

flora characteristics in these patients.
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Materials and Methods

Study Population

The study was approved by the Ethics Committee of Peking Union Medical College Hospital, China Academy of
Medical Sciences (HS2021050). Patients who underwent digestive tract tumor surgery at Peking Union Medical College
Hospital from August 2022 to December 2023 were prospectively included. Inclusion criteria: (1) Age between 18 and
75 years; (2) Gastrointestinal tumor diagnosed histologically or radiologically and planned laparoscopic resection; (3)
Risk of malnutrition: Nutrition Risk Screening 2002 (NRS-2002) score >3 points; and received perioperative standar-
dized parenteral and enteral nutrition treatment. (4) Patients voluntarily participated in the study and signed informed
consent. Exclusion criteria: (1) The patient has contraindications for enteral nutrition (eg, active gastrointestinal bleeding,
intestinal obstruction, decompensated short bowel syndrome, etc).; (2) Current use of drugs known to substantially alter
metabolic or inflammatory pathways (eg, systemic corticosteroids); (3) Active treatment with immunotherapeutic agents
for cancer or other immunomodulators (eg, biologics targeting cytokine signaling); (4) Recent use (within 30 days before
admission) of antibiotics or microecological regulators (eg, probiotic and prebiotic preparations). The patients recruit-
ment process was shown in Figure 1.

Sleep Status Assessment

Before surgery, Pittsburgh Sleep Quality Index (PSQI) was used to evaluate the patients’ sleep quality for nearly one month.
PSQI consists of seven parts (sleep quality, fall asleep time, sleep time, sleep efficiency, sleep disorder, hypnotics and
daytime dysfunction), and each part is scored according to 0~3 grades, with the cumulative score ranging from 0 to 21.%
The higher the score, the worse the sleep quality. In this study, when PSQI <5, the patient is considered to be non-sleep
disorders (NSD), while when PSQI >5, the patient is considered to have preoperative sleep disorders (SD).

Patients who underwent digestive tract tumor surgery
and received perioperative standardized parenteral
and enteral nutrition treatment at
Peking Union Medical College Hospital from
August 2022 to December 2023

(N=92)
Exclued patients (N=7)
« With contraindications
®! for enteral nutrition
« Taking corticosteroids
* Receiving the targed
y therapy or immunotherapy
Inclued in cohort study « Taking the antibiotics or
(N=85) microecological regulators
With sleep disorder Without sleep disorder
(N=36) (N=49)
Incomplete
L [ Analysis | data (N=18)
Sleep disorders group Non-sleep disorder group
(N=26) (N=41)

Figure | The study recruitment flow chart.
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Preoperative Nutritional Assessment

The application of perioperative nutritional assessment and support are standard procedures for patients in our depart-
ment. All patients need to undergo nutritional risk assessment after admission, and patients with nutritional risks need to
receive nutritional support. Nutritional risk screening was conducted with NRS-2002. The nutritional status (weight, BMI
and dietary intake changes), disease severity (which will lead to increased nutritional requirements) and age of patients
were comprehensively evaluated. A total score of >3 indicates that there are nutritional risks and nutritional support is
needed.”

The patient-generated subjective global assessment scale (PG-SGA) was used for malnutrition diagnosis. The scale
consists of the following two parts: patient self-assessment and clinical assessment of medical staff. The contents of
patients’ self-assessment include weight change, dietary intake change, symptoms affecting dietary intake, activity and
functional status. The clinical evaluation of medical staff includes the severity of weight loss, the severity of disease and
its relationship with nutritional needs, the metabolic needs of patients, and a comprehensive physical examination to
evaluate the loss of body fat and muscle and the degree of edema.

According to PG-SGA score,?* patients can be divided into three categories: SGA-A (PG-SGA score within 0~1, good
nutrition), SGA-B (PG-SGA score within 2~8, mild/suspected malnutrition) and SGA-C (PG-SGA score >9, severe
malnutrition). SGA-B can be further divided into SGA-B" (PG-SGA score within 2~3, suspected malnutrition) and
SGA-B ™ (PG-SGA score within 4~8, mild malnutrition). SGA-A does not need nutritional support. SGA-B can provide
medication and nutritional support guidance to patients and their families according to the results of symptom investigation
and laboratory examination. SGA-C patients urgently need to improve symptom management and provide nutritional
support programs.

Perioperative Nutrition Support

All patients with nutritional risks will receive tumor-type Food for Special Medical Purposes (FSMP) as energy and
nutrition sources. The target energy is 20~30 kcal/kg per day, while the ideal weight (kg) = height (cm) —105. The
specific embodiments are as follows: (1) Take FSMP orally every day from 4+1 days before operation to provide enteral
nutrition reaching the target energy. (2) FSMP was ingested by oral/tube feeding from the 1st to 2nd day after operation,
and gradually increased according to individual tolerance, reaching 20% of the daily target energy required by patients on
the 2nd day after operation; (3) Day 3~5 after operation: According to individual tolerance, the intake of FSMP was
gradually increased every day to provide 30~80% of the daily target energy required by patients; (4) Day 6~9 after
operation: FSMP provided the patients with daily target energy.

Clinical Data Collection

The demographic characteristics and clinical data of patients were extracted from the electronic medical record system
for statistical analysis, including the following data types: (1) Demographic characteristics: age, gender and body mass
index (BMI); comorbidity (including diabetes, hypertension, etc.); and family history of tumor. (2) Disease character-
istics: including tumor types and pathological stages (according to the 8th edition of TNM staging system of American
Joint Cancer Committee>); previous history of radiotherapy and chemotherapy, previous history of surgery. (3) Surgical
features: the location and scope of resection, the type of digestive tract reconstruction, the presence or absence of feeding
tube and the way of insertion, the operation time, the amount of access during operation, etc. (4) Cost-benefit evaluation:
hospitalization time and hospitalization expenses.

Postoperative Gastrointestinal Function Evaluation

Postoperative gastrointestinal function was evaluated by enteral nutrition tolerance scale,”® which consisted of the
following three clinical parameters: (1) Abdominal distension/pain, graded from 0 (asymptomatic) to 3 (severe distension
or intra-abdominal pressure >20 mmHg), with intermediate scores for mild symptoms (1 point) and clinically significant
distension/pain resolving spontaneously or with intra-abdominal pressures of 15~20 mmHg (2 points); (2) Nausea/
vomiting, scoring 0 for asymptomatic patients (including those on maintenance decompression), 1 for nausea without
emesis, 2 for non-decompression-requiring vomiting or gastric residuals of 250~500 mL, and 3 for decompression-
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requiring emesis or residuals exceeding 500 mL; (3) Diarrhea severity, ranging from 0 (no bowel symptoms) to 3 (=5
loose stools daily with >1,500 mL output), where 1 point denotes 3—5 loose stools with <500 mL output, and 2 points
requires both >5 loose stools and 500~1500 mL output. A cumulative score of 0 indicates normal gastrointestinal
function, a score of 1~2 indicates mild gastrointestinal function damage, a score of 3~4 indicates moderate gastro-
intestinal function damage, and a score of 5 or more indicates severe gastrointestinal function damage. In this study, if the
patient’s enteral nutrition tolerance score is greater than O after oral administration or pumping nutrient solution, it is
considered that there is enteral nutrition intolerance.

In addition, the time of first exhaust and defecation after operation was recorded. Complications such as intestinal
obstruction and gastric emptying disorder, the occurrence of anastomotic leakage, bleeding and infection were diagnosed
by clinical symptoms and imaging examination, and graded according to Clavien-Dindo classification of surgical
complications.

Hematological Parameters Evaluation

The patients were taken cubital vein blood in a supine position in the morning 1 day before surgery, 1 day and 7 days
after surgery. After standing at room temperature for 2 hours, the blood was centrifuged with a 4°C low-temperature
centrifuge (3000 rpm/min) for 10 minutes, and the serum supernatant was taken and dispensed for testing. According to
the reagent manufacturer’s instructions, serum cortisol and lipopolysaccharide binding protein (LBP) levels were
measured using an enzyme-linked immunosorbent kit (Elabscience, Houston, Texas, USA). Serum D-lactic acid
(D-LA), diamine oxidase (DAO), ferrous ion (Fe*"), reduced glutathione (GSH) and lipid peroxide malondialdehyde
(Beyotime, Nantong, Jiangsu, China) levels were measured by colorimetric method.

Fecal Sample Collection and DNA Extraction

The patient was instructed to drain urine in the morning one day before surgery and collect fecal samples. Immediately
after collection, they were placed in sterile cryopreserved tubes and stored in a refrigerator at —80°C pending centralized
inspection. Fecal microbial DNA was extracted using the OMEGA Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA)
kit according to the manufacturer’s instructions. DNA molecule size was determined using 1.2% agarose gel electro-
phoresis, and DNA quantification was performed using Nanodrop (Thermo Scientific, Waltham, Massachusetts, USA).
PCR amplification uses specific primers for the V3-V4 region of the bacterial 16S rRNA gene, 338F (5'-barcode+
CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3"). PCR products were quantified using
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, California, USA). Illumina’s TruSeq Nano DNA LT
Library Prep Kit was used to build the library, and the Agilent High Sensitivity DNA Kit was used to conduct library
quality inspection. Paired-end sequencing was performed on an Illlumina MiSeq (PE300 Paired-end Sequencing)
instrument.

Bioinformatics Analysis

Use QIIME 2 2022.11 to conduct bioinformatics analysis of the microbiome according to the official tutorial. In short,
the original sequence data is decoded using the demux plug-in, the cutadapt plug-in performs primer excision, and then
the DADA2 plug-in performs data processing on the sequence such as quality filtering, noise removal, splicing, and
mosaic removal to generate characteristic sequence ASVs and abundance data tables. Samples with sequencing depths
<10,000 reads were excluded based on rarefaction curve analysis.

By using the Greengenes database, the ASV feature sequences are compared with the reference sequences in the
database to obtain the taxonomic information corresponding to each ASV. Alpha diversity analysis was performed using
Chaol index on rarefied data (subsampled to 20,000 reads per sample) and Wilcoxon rank-sum test was used for inter-
group comparisons. The Bray-Curtis distance measure was used for Beta diversity analysis on CSS-normalized data, and
inter-group differences were assessed through Principal coordinate analysis (PCoA) and Permutational multivariate
analysis of variance (PERMANOVA) analysis.

Linear discriminant analysis effect size (LefSe) was used to evaluate the differences in bacterial communities between
groups, and marker species with significant differences were shown, ie, linear discriminant analysis (LDA) >2.0 and
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FDR-adjusted q < 0.1. Using the absolute abundance table of taxa at the family level generated based on the unflattened
ASV/OTU table, the “classify _samples_ncv” function in QIME2 was called for random forest analysis. The results of
random forest analysis were combined with the LefSe analysis to find potential differences in bacteria between groups.
Phylogenetic Investigation of Communities by Reconstructions of Unobserved States (PICRUST2) analysis is used to
explore potential differential microbial metabolic pathways, including KEGG, MetaCyc database.

Statistical Analysis
Based on prior literature and clinical observations, we assumed an enteral nutrition intolerance (ENI) incidence of 50% in
the SD group and 20% in the NSD group,’ yielding a clinically relevant risk difference of 30%. With a two-sided alpha
of 0.05 and 80% power, the required sample size was 39 per group. The sample size was calculated using the standard
formula for comparing two independent proportions. Calculations were cross-verified using PASS 21.0 (NCSS LLC,
Kaysville, UT, USA), and accounting for potential confounders (eg, age, disease severity) via post-hoc adjustment.
Data analysis was performed using SPSS 26.0 software and RStudio 4.3.0, and GraphPad Prism 9.0.0 was used for
mapping. Kolmogorov—Smirnov was used to determine the distribution of the data (normal or skewed). Continuous variables
for a normal distribution were expressed as mean =+ standard deviation (mean+SD), and continuous variables for a skewed
distribution were expressed as median (interquartile range). Classification variable data were expressed as frequencies
(percentages). As for one-way analysis, continuous variables were tested by #-test or Mann—Whitney U-test, and categorical
variables were tested by Chi-square test or Fisher’s exact probability method. Pearson correlation analysis was used to explore
the relationship between various variables. A two-sided test P<0.05 was considered to be statistically significant.

Results

Sleep Characteristics

According to the inclusion and exclusion criteria, 85 patients with digestive tract tumors were enrolled and 67 patients
with complete clinical data were analysed, including 41 patients in non-SD group and 26 patients in sleep disorder group.
The falling asleep time of patients with sleep disorder was significantly longer than that of non-SD group (60.91
+51.08 min vs 14.0249.17 min, P<0.001), and 80.7% of patients had frequent or persistent difficulty in falling asleep.
The average sleep time reported by patients in the sleep disorder group was 5.9441.05 hours, which was significantly
lower than the 7.48+0.83 hours reported by patients in the non-SD group (P<0.001), and a total of 85.6% of patients
reported sleeping less than 7 hours throughout the night. There was no significant difference in reported bed rest time
between the two groups (7.77+1.82 hours in the sleep disorder group versus 8.16+1.12 hours in the non-SD group,
P=0.326), but sleep efficiency was significantly reduced in the sleep disorder group (75%+23% vs 93%+9%, P=0.001).
None of the patients in the non-SD group had a history of using hypnotics during the investigation period, while the
proportion of patients in the sleep disorder group using hypnotics was as high as 34.6%(P<0.001). The frequency of
hypnotics administration was typically once daily, with the types of medications used including alprazolam, zopiclone,
and melatonin. 38.5% of patients in the sleep disorder group had frequent or persistent daytime dysfunction, which was
significantly higher than that in the non-SD group (38.5% vs 2.4%, P<0.001).

Clinical Characteristics

Table 1 shows the basic demographic characteristics of the two groups of patients. There were no significant differences
between the two groups in terms of age, gender, nutritional status (BMI, NRS-2002 score, PG-SGA score and
classification), comorbidities (diabetes, hypertension) and family history of tumors. In the sleep disorder group, there
were 16 patients (61.5%) with upper gastrointestinal tract tumors (stomach and small intestine) and 10 patients (38.4%)
with lower gastrointestinal tract tumors. In the non-SD group, there were 26 patients (63.4%) with upper gastrointestinal
tract tumors (stomach and small intestine) and 15 patients (36.6%) with lower gastrointestinal tract tumors. There was no
significant difference in lesion location, pathological type and stage between the two groups. In addition, no significant
differences were found between the two groups in intraoperative infusion volume, bleeding volume, nutrition tube
placement and operation time.
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Table | Clinical Characteristics of the Patients

SD (n=26) NSD (n=41) P value
Age (years) 57.00+9.81 58.17+9.08 0.620
Gender Male 11 (42.3%) 27 (65.9%) 0.078
Female 15 (57.7%) 14 (34.1%)
BMI (kg/m?) 23.91+2.84 24.68+2.97 0.296
NRS-2002 3.38+0.496 3.24+0.435 0.091
PG-SGA 7.54+3.313 6.07+3.467 0.241
PG-SGA Grade B+ 14 (53.8%) 18 (43.9%) 0.175
B- 3 (11.5%) 13 31.7%)
Cc 9 (34.6%) 10 (24.4%)
Diabetes Yes 5 (19.2%) 6 (14.6%) 0.738
No 21 (80.8%) 35 (85.4%)
Hypertension Yes 10 (38.5%) 19 (46.3%) 0.616
No 16 (61.5%) 22 (53.7%)
Family history of tumors Yes 5 (19.2%) 11 (26.8%) 0.565
No 21 (80.8%) 30 (73.2%)
Disease stage | 13 (50.0%) 23 (56.1%) 0.097
I 8 (30.8%) 7 (17.1%)
n 3 (11.5%) Il (26.8%)
v 2 (7.7%) 0 (0%)
Surgical site Stomach 15 (57.7%) 25 (61.0%) 0.654
Colon 5 (19.2%) 11 (26.8%)
Rectum 5 (19.2%) 4 (9.8%)
Other I (3.8%) I (2.4%)
Intraoperative infusion volume (mL) 1650+410.80 1892.5+820.38 0.119
Intraoperative bleeding volume (mL) 62.8+42.97 87.5+89.70 0.203
Nutrition tube placement Yes 9 (34.6%) 18 (43.9%) 0.610
No 17 (65.4%) 23 (56.1%)
Operation time (h) 2.69£1.30 3.06+1.34 0.271

Abbreviations: SD, Sleep Disorders; NSD, Non-Sleep Disorders; BMI, Body Mass Index; NRS-2002, Nutritional Risk
Screening 2002; PG-SGA, Patient-Generated Subjective Global Assessment.

Postoperative Recovery

A total of 25 patients developed postoperative enteral nutrition intolerance, among which the incidence in the sleep
disorder group was 53.8% (14/26), which was significantly higher than that in the non-SD group (26.8%, 11/41)
(P=0.038). The main manifestations were the increased incidence of abdominal pain, abdominal distension, and diarrhea
after oral administration or pumping of nutrient solution. Patients in the sleep disorder group had more postoperative
bleeding (11.5% vs 7.3%), infection (15.4% vs 7.3%), anastomotic leakage (7.7% vs 4.9%) and gastrointestinal
dysfunction (11.5% vs 4.9%) than those in the non-SD group. Exhaust time (2.77+0.99 days vs 2.41+1.00 days) and
hospital stay time (17.35+14.25 days vs 16.0249.86 days) were longer than those in the non-SD group, but the difference
was not statistically significant (Table 2).

Intestinal Barrier Markers

The serum intestinal barrier marker levels measured at three time points at 1 day before surgery, 1 day after surgery and 7
days after surgery showed that the serum D-lactate (D-LA, Figure 2A) levels, diamine oxidase (DAO, Figure 2B) levels
and human lipopolysaccharide binding protein (LBP, Figure 2C) levels in patients with sleep disorders were all higher
than those in non-SD group, and there was a statistically significant difference between the groups between the increase
in preoperative DAO levels and postoperative LBP levels (P<0.05). In addition, the serum cortisol level on the day before
surgery was significantly higher than that in the non-SD group (189.75+67.64 vs 136.98+45.8 ng/mL, P<0.001). Pearson
correlation analysis showed that the increase in preoperative cortisol levels in patients was correlated with the increase in
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Table 2 Postoperative Recovery of the Patients

SD (n=26) NSD (n=41) P value
Abdominal pain 5 (19.2%) 3 (7.3%) 0.245
Abdominal distension 9 (34.6%) 7 (17.1%) 0.142
Diarrhea 5 (19.2%) 5 (12.2%) 0.493
Nausea and vomiting I (3.8%) | (2.4%) 1.000
Enteral nutrition intolerance | 14 (53.8%) 11 (26.8%) 0.038*
Bleeding 3 (11.5%) 3 (7.3%) 0.670
Infection 4 (15.4%) 3 (7.3%) 0417
Anastomotic leakage 2 (7.7%) 2 (4.9%) 0.638
Gastrointestinal dysfunction | 3 (11.5%) 2 (4.9%) 0.369
Exhaust time (day) 2.77+0.99 2.41£1.00 0.161
Defecation time (day) 3.23%1.28 3.27%1.00 0.894
Hospital stay (day) 17.35+14.25 16.02+9.86 0.655
Hospital cost (CNY) 59,410.36+24,803.12 | 63,128.78+26,190.81 | 0.565

Note: *P<0.05.

Abbreviations: SD, Sleep Disorders; NSD, Non-Sleep Disorders.

intestinal barrier markers D-LA (Figure 2D, r=0.4874, P=0.0012), DAO (Figure 2E, r=0.2333, P=0.1616) and LBP
(Figure 2F, r=0.3233, P=0.0367), and the correlation with D-LA and LBP was statistically significant.

Ferroptosis Markers

The level of serum ferroptosis markers measured during the perioperative period showed that the level of serum ferrous
ion (Fe*", Figure 3A) on the day after surgery in patients with sleep disorder was lower than that in the non-SD group
(23.30£17.60 vs 32.494+36.36 umol/L), with no statistical significance. The serum glutathione (GSH, Figure 3B) levels in
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Figure 2 Perioperative serum intestinal barrier markers and preoperative cortisol levels. (A). Perioperative serum D-lactate levels; (B) Perioperative serum diamine oxidase
levels; (C) Perioperative serum human lipopolysaccharide binding protein levels; (D) Correlation between preoperative serum cortisol levels and D-lactate levels; (E).
Correlation between preoperative serum cortisol levels and diamine oxidase levels; (F). Correlation between preoperative serum cortisol levels and human lipopolysac-
charide binding protein levels.

Notes: LBP, lipopolysaccharide binding protein; SD, sleep disorder group (n=26); NSD, non-SD group (n=41); PREI, | day before surgery; PODI, | day after surgery; POD,
7 days after surgery; *P<0.05; **P<0.01; r, Pearson correlation coefficient.
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Figure 3 Perioperative serum ferroptosis and related markers levels. (A) Perioperative serum Fe?* change curve; (B) Perioperative serum GSH change curve; (C)
Perioperative serum MDA change curve; (D) Correlation between preoperative serum cortisol level and lipid peroxide MDA level; (E) Correlation between
preoperative serum LBP level and lipid peroxide MDA level.

Notes: Fe?*, ferrous ion; GSH, glutathione; MDA, malondialdehyde; SD, sleep disorder group (n=26); NSD, non-SD group (n=41); PREI, | day before surgery; PODI, | day
after surgery; POD, 7 days after surgery; LBP, lipopolysaccharide binding protein; **P<0.01; ***P<0.001; r, Pearson correlation coefficient.

patients with sleep disorder were significantly lower on the day before and 1 day after surgery than those in the non-SD
group (P<0.01). The serum lipid peroxide malondialdehyde (MDA, Figure 3C) levels in patients with sleep disorder
1 day before surgery, 1 day after surgery and 7 days after surgery were all higher than those in the non-SD group, and the
difference between groups 1 day before surgery was statistically significant (P<0.001). Pearson correlation analysis
showed that the increase in preoperative serum cortisol levels was significantly correlated with the increase in lipid
peroxide malondialdehyde levels (Figure 3D, r=0.3660, P=0.0171), and the increase in serum intestinal barrier marker
LBP levels was also significantly correlated with the increase in MDA levels (Figure 3E, r=0.3621, P=0.0170).

Characteristics of Intestinal Flora

Preoperative feces were collected from 45 patients, including 16 patients in the sleep disorder group and 29 patients in
the non-SD group. After sequencing and data quality control, a total of 2696525 available high-quality sequences were
obtained from all samples. The number of sequencing for a single sample fluctuated between 40,713 and 97,100, with an
average of 59923 high-quality sequences obtained per sample. In terms of alpha diversity, the species richness of
intestinal flora in patients with sleep disorders (Chaol index, Figure 4A) was slightly lower than that in non-SD group,
but the difference was not statistically significant. In terms of beta diversity, the results of PCoA analysis of the Bray-
Curtis distance matrix showed (Figure 4B) that the 95% confidence ellipse overlap between the samples from the sleep
disorder group and the samples from the non-SD group, suggesting that there is no significant difference in the beta
diversity of intestinal flora species between the two groups of patients. PERMANOVA analysis of Bray-Curtis distances
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Figure 4 Differences between groups in preoperative intestinal flora characteristics. (A) Alpha diversity (Chaol index); (B) Beta diversity (PCoA analysis of the Bray-Curtis
distance matrix); (C) LDA scores of marker species; (D) Cladogram of marker species; the cladogram shows the taxonomic hierarchical relationships of major marker
species from phylum to genus (from inner circle to outer circle). The node size corresponds to the average relative abundance of the species; open nodes represent no
significant differences between groups, and red/blue nodes indicate significant differences between groups and their enrichment groups. (E) Random forest analysis (family
level); the abscissa of the histogram is the importance score of species to the classifier model. From top to bottom, the importance of species to the model decreases in
order. The ordinate is the names of species at the family level, and the heat map shows the abundance of these species in each sample.

Notes: SD, sleep disorder group (n=16); NSD, non-SD group (n=29).

also showed that there was no statistical difference between the distances within the sleep disorder group and the
distances between the sample groups of patients with normal sleep (F=0.889827, P=0.707, q=0.707).

Through LEfSe analysis, a total of 16 landmark species were identified between the sleep disorder group and the non-
SD group. Among them, a total of 14 species were enriched in the sleep disorder group, namely Fusobacterium C,
Oribacterium, Pseudobutyriciccoccus, Mycobacteriaceae, Lancefieldella, Bulleidia, Mycobacteria, Neobittarella,
Corynebacterium, Copromonas, Anaerobium, Blatia A, Lachnospirales and Lachnospiraceae, and 2 species were
enriched in the non-SD group which are Marseille P3160 and Selenomonadales. Figure 4C shows the contribution
(LDA values) of marker species within each group to the differences between groups, and the taxonomic branch diagram
(Figure 4D) shows the taxonomic level and distribution of marker species in each group of samples.

Species with high importance in random forest classifiers can also be considered as landmark species of differences
between groups. At the family level (Figure 4E), the abundance of Bifidobacteriaceae, Tannerellaceae, Eggerthellaceae,
Erysipelotrichaceae and Bacteroidaceae was significantly reduced in the sleep disorder group, while the abundance of
Lachnospiraceae, UBA1381, Streptococcaceae, Mycobacteriaceae, Acutalibacteriaceae, Rikenellaceae,
Peptostreptococcaceae, Actinomyces, Ruminococcaceae, Burkholderiaceac A, Marinifilaceae, Enterobacteriaceaec A,
Aerococcaceae, Clostridiaceae and Butyricicoccaceae were significantly increased compared with the non-SD group.

Differences in Metabolic Pathways

Metabolic pathway abundance data obtained from PICRUSt2 analysis was used to calculate metabolic pathways with
significant differences between groups. The metabolic pathways that may differ between sleep impaired and non-SD
group in the KEGG database are Chagas disease (American Trypanosomiasis), Limonene and pinene degradation,
Vasopressin-regulated waterresorption. The metabolic pathways that may differ in the MetaCyc database are protein
N-glycosylation (bacterial), glycolyssis V (Pyrococcus), mycolyl-arabinogalactan-peptidoglycan complex biosynthesis,
3-hydroxypropanoic acid cycle and glyoxylate assimilation.

2708  es Nature and Science of Sleep 2025:17



Chen et al @

Discussion

This study found that the incidence of postoperative enteral nutrition intolerance in patients with preoperative sleep
disorders was significantly higher than that in the non-SD group. The intestinal barrier markers in patients with
preoperative sleep disorders were significantly higher than those in non-SD group and were closely related to the
increase in serum cortisol levels. The level of serum antioxidant factor GSH in patients with preoperative sleep disorders
was significantly lower than that in non-SD group, while the level of lipid peroxide MDA was significantly higher, which
was closely related to the increase of serum cortisol levels and intestinal barrier markers levels. The relative abundance of
opportunistic pathogens such as Enterobacteriaceae, Burkholderiaceae and Streptococcaceae in the intestines of patients
with preoperative sleep disorders increased, and the decrease in the relative abundance of probiotics Bifidobacaceae may
be an important factor in the destruction of intestinal motility and barrier function.

In this study, most patients in the preoperative sleep disorder group had frequent or persistent difficulty falling asleep,
accompanied by varying degrees of “sleep maintenance insomnia” and “early morning awakening” symptoms, which
may be related to the disease-related anxiety depression.?” Persistent mood and sleep disorders will lead to disorders of
HPA axis function,®® which is manifested by a persistent increase in serum cortisol levels. This will affect the
gastrointestinal function by destroying the mucosal barrier,”® reducing local immune responses®® and regulating the
enteric nervous system.>' These mechanisms can explain the continuous increase in serum cortisol and intestinal barrier
marker levels in patients with preoperative sleep disorders found in this study, and the delayed recovery of postoperative
gastrointestinal function.

The delay in postoperative exhaust time and the increased incidence of gastrointestinal dysfunction (postoperative
gastroparesis, intestinal obstruction) found in this study in patients with preoperative sleep disorders also suggest that
sleep disorders may cause delayed gastrointestinal transportation, which is consistent with the results found in previous
studies.*?

In order to explore the impact of sleep disorders on ferroptosis in patients with digestive tract tumors, we measured
serum ferrous ion levels, but no iron overload was found, which may be related to the decrease in total red blood cell
count and hemoglobin levels in patients with sleep disorders. However, the decrease in serum antioxidant GSH levels and
the increase in lipid peroxide MDA levels suggest changes in oxidative stress status in patients with sleep disorders,
which is consistent with the oxidative stress damage effect of intestinal cells found in previous studies.®* Our study also
found that the increase in serum lipid peroxide levels in patients is closely related to the disorder of HPA axis function
and the destruction of intestinal barrier function in the body, which is consistent with the previous findings of the HPA
axis (including corticotropin releasing hormone, adrenocorticotropin hormone and cortisol levels) mediate oxidative
stress damage induced by chronic radiation exposure,** and intestinal barrier function [intestinal permeability (lactulose/
mannitol ratio), endotoxin exposure levels] mediate drug-induced oxidative stress damage.”

The diversity of intestinal flora is affected by multiple factors such as diet, lifestyle, and disease status.>® This may be
the reason why this study did not find any differences in intestinal flora diversity between patients with preoperative sleep
disorders and patients with normal sleep. However, in terms of species composition, we found that preoperative sleep
disorders led to an increase in the relative abundance of opportunistic pathogens such as Enterobacteriaceae,’’
Burkholderiaceae,*® and Streptococcaceae,’” and a decrease in the relative abundance of beneficial bacteria such as
Bifidobacteriaceae.”® However, an increase in the relative abundance of Butyricogenes Lachnospiraceae®' and
Ruminococcaceae® was also found in the intestinal flora of patients with sleep disorders, which is consistent with the
results found in previous studies.*> Among them, the abundance of Blautia** was found to be positively correlated with
the severity of diarrhea symptoms in patients with irritable bowel syndrome, which may also be one of the potential
mechanisms for the occurrence of enteral nutrition intolerance. In addition, the landmark species of Corynebacterium,*
Bulleidia*® and Fusobacterium®’ in the sleep disorders group are believed to be closely related to intestinal inflammation
in clinical and experimental models of IBD, which also suggests the intestinal inflammation status of patients in the sleep
disorders group.

In this study, the increased relative abundance of Rikenellaceae in the intestinal flora of patients with sleep disorders
was found. Within this family, Alistipes is a widely studied tryptophan metabolizing bacteria that metabolizes tryptophan
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into indole and its derivatives.*® And these metabolites are believed to be associated with chronic inflammation and even
tumor formation in colon cells.*” The consumption of tryptophan by Alistipes also affects the function of the gut-brain
axis by competitively inhibiting the production of 5-HT. It is considered to be closely related to the occurrence and
development of neuropsychiatric diseases such as anxiety, depression and chronic fatigue syndrome.’® These findings
indicate that intestinal flora disorders and their tryptophan metabolic potential play an important role in the relationship
between sleep disorders and chronic intestinal inflammation.

In addition, up-regulation of potentially differentiated metabolic pathways in the intestinal flora of patients in the
preoperative sleep disorder group, “Chagas disease” and “protein N-glycosylation (bacteria)” suggests that patients have
an increased risk of intestinal pathogenicity. “Protein N-glycosylation” can improve the adhesion and colonization
capabilities of pathogenic bacteria and help bacteria escape immune recognition from their host.’' IL-22-mediated
N-glycosylation of the protein is believed to play a key role in Clostridium difficile infection in a mouse model of
ulcerative colitis.”> Limonene and pinene are terpenoids and are natural bioactive substances widely found in citrus,
lemon, ginger and other plants.>® The neuroprotective, neurotransmitter regulatory and antioxidant effects of terpenoids
are often used to treat emotional disorders such as anxiety and depression.>* Terpenoids can also serve as prebiotics to
reduce colonization of Helicobacter pylori, regulate the inflammation state of gastrointestinal cells, and promote gastric
mucosa repair.”> Therefore, the up-regulation of the “degradation of limonene and pinene” pathway in potentially
differentiated metabolic pathways suggests that biologically active substances can be potential intervention pathways
for sleep problems. These substances can alter the structure of the intestinal flora by regulating the metabolic activity of
intestinal microorganisms, thereby improving gastrointestinal function and sleep disorders.

As far as we know, this study is the first to investigate the impact of preoperative sleep disturbance (SD) on
postoperative gastrointestinal function recovery in patients with gastrointestinal tumors. It revealed that patients with
sleep disorders exhibited a higher incidence of enteral nutrition intolerance after surgery. The underlying mechanisms
may involve SD-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis, oxidative stress damage to
intestinal cells, and intestinal dysbiosis. The interplay of these mechanisms, coupled with postoperative intestinal barrier
impairment in gastrointestinal tumor patients, collectively contributes to the observed clinical phenomenon. Our findings
highlight the adverse effects of preoperative sleep disturbance on postoperative gastrointestinal recovery and provide
a theoretical basis for perioperative sleep management and gut microbiota intervention in these patients.

However, this study has several limitations, including a relatively small sample size (n=67) and high heterogeneity in
tumor types, which may affect the generalizability of the conclusions. Additionally, the lack of dynamic monitoring of
postoperative microbiota changes and insufficient validation of causal mechanisms involving specific pathogenic bacteria
warrant further investigation. Future research should involve multicenter, large-scale studies with dynamic monitoring at
multiple postoperative timepoints to elucidate the role of microbial metabolites (eg, short-chain fatty acids) in intestinal
barrier dysfunction. Animal models should also be employed to validate key mechanisms and develop microbiota-
targeted intervention strategies, thereby optimizing perioperative management protocols.

Conclusion

Preoperative sleep disturbances were significantly associated with the occurrence of postoperative enteral nutrition
intolerance in patients with gastrointestinal tumors. Patients with preoperative sleep disorders have significant intestinal
barrier function destruction, which may be closely related to the excessive activation of HPA axis function, oxidative
stress imbalance in intestinal cells and the disorder of intestinal flora. Among them, the relative abundance of
opportunistic pathogens such as Enterobacteriaceae, Burkholderiaceae and Streptococcaceae increases, and the relative
abundance of probiotics such as Bifidobacteriaceae decreases, which may be an important factor in the destruction of
gastrointestinal function.

Data Sharing Statement
The datasets generated during and/or analysed during the current study are available from the corresponding author on
reasonable request.
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