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Abstract: Chronic alcohol intake can affect both liver and intestinal barrier function. The goal
of this investigation was to evaluate the function and mechanism of lutein administration on the
chronic ethanol-induced liver and intestinal barrier damage in rats. During the 14-week experimental
cycle, seventy rats were randomly divided into seven groups, with 10 rats in each group: a normal
control group (Co), a control group of lutein interventions (24 mg/kg/day), an ethanol model
group (Et, 8–12 mL/kg/day of 56% (v/v) ethanol), three intervention groups with lutein (12, 24
and 48 mg/kg/day) and a positive control group (DG). The results showed that liver index, ALT,
AST and TG levels were increased, and SOD and GSH-Px levels were reduced in the Et group.
Furthermore, alcohol intake over a long time increased the level of pro-inflammatory cytokines
TNF-α and IL-1β, disrupted the intestinal barrier, and stimulated the release of LPS, causing further
liver injury. In contrast, lutein interventions prevented alcohol-induced alterations in liver tissue,
oxidative stress and inflammation. In addition, the protein expression of Claudin-1 and Occludin
in ileal tissues was upregulated by lutein intervention. In conclusion, lutein can improve chronic
alcoholic liver injury and intestinal barrier dysfunction in rats.
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1. Introduction

Alcoholic liver disease (ALD) refers to a group of liver pathological changes that
include hepatic steatosis, alcoholic hepatitis and alcoholic liver fibrosis [1]. One of the
primary causes of the condition is the chronic excessive intake of alcohol [2]. Specifically,
chronic alcohol exposure can induce the enhanced activity of cytochrome P450 2E1 (CYP2E1)
in the liver, contributing to the buildup of excessive reactive oxygen species (ROS) in the
body, which can cause hepatic oxidative stress, dysregulation of lipid metabolism and
inflammation [3,4]. Furthermore, chronic alcohol intake can also lead to oxidative damage
in the gut [5], resulting in high intestinal permeability and ecological dysbiosis of the
microbiota, causing endotoxemia in the organism and leading to further liver damage [6].
In addition to abstinence from alcohol and hepatoprotective drug therapy, some studies
have found that supplementation with antioxidant and/or anti-inflammatory dietary
supplements, such as carotenoids, vitamins, curcumin and probiotics, can be beneficial
remedies for alcoholic liver disease [7].

Lutein is a carotenoid with antioxidant and anti-inflammatory properties [8] which is
abundant in egg yolk and dark green leafy vegetables [9,10] and is generally regarded as a
safe (GRAS) molecule [11]. By supplementing with lutein, aberrant lipid metabolism in the
liver may be effectively resolved [12], and arsenic-induced oxidative stress damage in the
liver can be alleviated [13]. Furthermore, lutein decreases LPS-induced mortality in mice
via modifying NF-κB-mediated inflammatory pathways [14]. Early studies have found
that supplementation with lutein might improve the levels of antioxidant enzymes in rats
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and thus play a protective role against long-term ethanol intake-induced liver damage, but
the specific mechanism is still unclear [15]. In vitro studies have shown that lutein reduces
intestinal tight junction opening and barrier impairment [16], and population studies have
revealed that blood lutein levels in children are linked with intestinal barrier dysfunction
even after controlling for seasonal variables [17]. It has been found that alcohol intake might
disrupt the intestinal barrier and cause liver damage in the body [2], but it is uncertain
what role lutein plays in chronic alcohol intake-induced intestinal barrier disruption and
liver damage.

The goal of this study was to assess the role and mechanism of lutein in liver injury
and intestinal barrier dysfunction caused by chronic alcohol consumption, as well as the
effect of lutein on intestinal microbiota in rats.

2. Materials and Methods
2.1. Materials

The lutein (C40H56O2, HPLC 80%) was provided by Shanghai Yuanye Biotechnology
Co. (Shanghai, China). The alcohol (56% (v/v) ethanol) was provided by Beijing Red
Star Co. (Beijing, China). Diammonium glycyrrhizinate, which possesses excellent anti-
inflammatory, immunomodulatory and liver function enhancement properties, was supplied
by Lianyungang Zhengda Tianqing Pharmaceutical Group Co. (Lianyungang, China) [18].
The corn oil was supplied by Yihai Kerry Arawana Holdings Co., Ltd. (Shanghai, China).
All remaining reagents utilized in this investigation were of analytical or HPLC purity.

2.2. Experimental Models and Treatments

Seventy male Wistar rats (weight 140–160 g, 6 weeks old) were acquired from SPF (Bei-
jing, China) Biotechnology Co. Rats were acclimatized for two weeks in a 12 h light/dark
cycle at the proper temperature (22–25 ◦C) and humidity (50–60%). Food and water were
available at all times. The International Guide for the Care of Laboratory Animals was fol-
lowed, and all animal experiments in this work were authorized by the Qingdao University
Experimental Animal Welfare Ethics Committee (No. 20210315Wistar7720210706104).

At the end of the acclimatization feeding, rats were randomly allocated to a normal
control group (Co, n = 10), a control group of medium-dose lutein interventions (CoLU,
24 mg per kg BW, n = 10), an ethanol model group (Et, n =10), an intervention group with
low-dose lutein (LLU, 12 mg per kg BW, n = 10), an intervention group with medium-dose
lutein (MLU, 24 mg per kg BW, n = 10), an intervention group with high-dose lutein (HLU,
48 mg per kg BW, n = 10), and a positive control group (DG, diammonium glycyrrhizinate,
200 mg per kg BW, n = 10). The gavage dose of lutein was chosen with reference to previous
studies [12,19]. Lutein dissolved in corn oil was given to each intervention group every day,
while the other groups were given equal amounts of corn oil for 14 weeks. From the third
week, the DG group was given diammonium glycyrrhizinate, and all groups except the
two control groups were given alcohol (8 mL per kg BW of 56% (v/v) ethanol (3.54 g/kg
BW ethanol)) orally for two weeks to acclimatize them to alcohol consumption, followed by
12 mL per kg BW of 56% (v/v) ethanol (5.30 g/kg BW ethanol)) orally for the next 10 weeks
by gavage 6 h after administration of lutein or diammonium glycyrrhizinate. After the last
gavage operation, fasting was performed for 12 h. Rats’ abdominal aortas were sampled
for blood for subsequent index testing. Samples of rat liver tissue, small intestinal tissue,
and cecum contents were also quickly removed for other experiments.

2.3. Histopathological Analysis of Liver and Small Intestine

Fresh liver tissue was dissected quickly, and the liver index was determined as follows:
liver index (%) = liver weight (g)/body weight (g) × 100%. The small intestine was
dissected, and the length of the duodenum, jejunum and ileum was measured. Following
that, small amounts of liver tissue and ileum tissue were put in paraformaldehyde (4%)
solution and embedded in paraffin, and the paraffin blocks were cut into 5 µm thick
sections using the frozen section technique for the preparation of hematoxylin and eosin
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(H&E) staining. A histopathological examination of the liver and the ileum was performed
using a light microscope (BX60, Olympus, Tokyo, Japan). Liver pathology was scored by
pathologists in a blinded manner according to previously published scoring criteria [20], as
detailed in Table 1. In addition, small intestinal villus length and intestinal crypt depth in
the field of view of ileal sections were measured under a microscope for each group.

Table 1. The pathological score of the liver.

Scheme
Scoring Criteria

The Percentage of Cells
that Contain Fat

The Number of Lesions with
Inflammation or Cell Necrosis

1 ≤25% 1
2 26 to 50% ≥2
3 51 to 75%
4 ≥75%

2.4. Biochemical Index Measurement

To collect serum for further testing, blood was centrifuged at 3000 rpm for 10 min at low
temperatures followed by the determination of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglyceride (TG) and total cholesterol (TC) levels in serum using
appropriate kits (Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China).
The level of Gamma-glutamyl transferase (GGT) in serum was determined using a fully
automated biochemical analyzer (AU5400, Beckman, Los Angeles, CA, USA). Under low-
temperature settings, liver tissue homogenates were produced by centrifugation with
pre-cooled saline at 12,000 rpm for 10 min. The levels of glutathione peroxidase (GSH-Px),
catalase (CAT), malondialdehyde (MDA) in the liver, and superoxide dismutase (SOD)
and total antioxidant capacity (T-AOC) in serum were measured using appropriate kits
(Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China). The enzyme-
linked immunosorbent test kits (Wuhan BOSTER Bioengineering Co., Ltd., Beijing, China)
were employed to assess the amounts of interleukin 1β (IL-1β) and tumor necrosis factor
α (TNF-α) in the serum. In addition, serum levels of D-lactate (D-LA), intestinal fatty
acid binding protein (FABP2), as well as lipopolysaccharide-binding protein (LBP), were
assessed using enzyme-linked immunosorbent test kits (Nanjing Jiancheng Institute of
Biological Engineering, Nanjing, China). The level of lipopolysaccharide (LPS) in serum
was also determined using enzyme-linked immunosorbent assay kits (Xiamen Huijia
Biotechnology Co., Ltd., Xiamen, China).

2.5. Western Blot

Cytoplasmic or nuclear proteins were extracted from liver and ileum tissues according
to the kit instructions (Jiangsu KeyGEN BioTECH Co., Ltd., Nanjing, China); the specific
steps are described in the Supplementary Materials. The concentrations of protein extracts
were measured using appropriate kits (Beyotime, Zhenjiang, China). Subsequently, the
protein extracts were separated using 10% SDS-PAGE gels before being transferred to
polyvinylidene difluoride (PVDF) membranes, which were subsequently bathed in 10%
skim milk, then incubated with primary antibodies CYP2E1 (1:1000), NF-κB (1:10,000)
(Abcam, Cambridge, UK), Nrf2 (1:3000) (Affinity, Nanjing, China), HO-1 (1:3000) (Abmart,
Shanghai, China), MyD88 (1:1000) (Boster, Wuhan, China), TLR4 (1:1000), IκB-α (1:1000)
(CST, Boston, MA, USA), Occludin (1:1000), Claudin-1 (1:1000), ZO-1 (1:1000) (Proteintech,
Wuhan, China), β-actin (1:10,000) (Abways, Shanghai, China), or Lamin B1 (1:10,000)
(Bioworld, Minneapolis, MN, USA) overnight at 4 ◦C. The membranes were then rinsed
three times for ten minutes each with 1 × TBST. The washed primary antibody response
membranes were incubated for one hour with a matching secondary antibody (Bioeasy,
Beijing, China) at room temperature, protected from light, then washed and exposed to
appropriate developing reagents. β-actin and Lamin B1 were utilized as cytoplasmic and
nuclear protein reference proteins, respectively.
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2.6. Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from rat liver and ileum using TRIZOL per the instructions
(Tiangen Biochemical Technology (Beijing) Co., Beijing, China). The isolated RNA was
reverse transcribed to cDNA and subsequently analyzed by real-time fluorescent quantita-
tive polymerase chain reaction (PCR) with gene-specific primers, namely, ADH1, ALDH2,
Claudin-1, Occludin, ZO-1 and β-actin. Amplification was performed as described in [21].
The sequences of the gene primers are shown in Table 2.

Table 2. The sequences of the gene primers.

Primer Name Sequence

Liver-ADH1 Forward (5′–3′) GGTGTTGGTCTGTCTGTCGT
Reverse (5′–3′) ATGGTGTCAAGACGGCCAAT

Liver-ALDH2 Forward (5′–3′) GCTGACAAGTACCACGGGAA
Reverse (5′–3′) CACGTTTCCAGTTGCCAAGG

Ileum-Claudin-1 Forward (5′–3′) GGCTTCGCTGGGATGGATCG
Reverse (5′–3′) TGCACTGTATCTGCCCGGTG

Ileum-Occludin Forward (5′–3′) TGTGCTCACAGGTGGTTGCC
Reverse (5′–3′) AGACCAAACTGGGCTGGATGC

Ileum-ZO-1 Forward (5′–3′) ACAAGCGCAGCCACAAGCTA
Reverse (5′–3′) TGGGCTCCTCCAGGTTGACA

β-actin Forward (5′–3′) AAGTGCGACGTGGACATCCG
Reverse (5′–3′) GGGCGGTGATCTCCTTCTGC

2.7. Determination of Microbiota in Cecal Contents

Since cecum bacteria content was abundant and sufficient, fecal samples could be
obtained. Six cecum content samples were randomly selected from each group and 16S
rDNA gene sequencing was performed by Beijing Biomarker Technologies Co (Biomarker
Technologies Co., Ltd., Beijing, China). The flora in the cecum content was extracted
according to the method in [22]. The V3–V4 region of the 16S rRNA gene was amplified
using PCR (universal primers, forward (5′–3′): ACTCCTACGGGAGGCAGCA and reverse
(5′–3′): GGACTACHVGGGTWTCTAAT) to obtain the amplified product, which was
subsequently sequenced using the Illumina NovaSeq 6000 platform. The valid data (non-
chimeric reads) obtained were subjected to α-diversity and β-diversity analysis using
QIIME2 2020.6 software. The α-diversity and β-diversity of each group were analyzed
by the Wilcoxon rank sum test. Line Discriminant Analysis (LDA) Effect Size (LEfSe)
was used to find biomarkers with statistical differences among groups from the gate level
to the species level. Subsequently, the Kruskal–Wallis test was used to further search
for differential bacteria at the genus level, and the results were corrected using the false
discovery rate based on the Benjamini–Hochberg method (BH-FDR). The raw data have
been uploaded to the NCBI database with the accession number PRJNA879916.

2.8. Statistical Analysis

Except for the intestinal microbiota, all data are shown as mean ± SEM, and statistical
differences among groups were examined using one-way analysis of variance (ANOVA),
with multiple comparisons using the least significant difference (LSD). The Kruskal–Wallis
test in the nonparametric test was used for the comparison of data that did not meet the
requirements of the parametric test. The results of pairwise comparisons between multiple
groups were corrected for significance level using the Bonferroni method. Statistical
analysis and graph plotting were performed using the SPSS 26.0 software (SPSS, Chicago,
IL, USA) and GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). The data of the
intestinal microbiota were expressed as M (QR) or mean ± SD, and the data analysis
were performed using BMK Cloud (http://www.biocloud.net, accessed on 1 October

http://www.biocloud.net
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2022). HemI 1.0 (http://hemi.biocuckoo.org/down.php, accessed on 1 November 2022)
software was used to create the heatmap [23]. The p-value < 0.05 was judged as showing a
significant difference.

3. Results
3.1. Effects of Lutein on Food Intake, Body Weight and Liver Tissue

At the beginning of the trial, there was no significant difference in the amount of food
intake and body weight for each group. However, at week 14, the Et group’s food intake
decreased more than in the Co group (p < 0.05, Figure 1a). In addition, the Et group had the
slowest weight gain during the experiment; at week 14, the Et group had a lower weight
than the Co group (p < 0.05). In the DG group, the rats showed an increase in body weight
compared to the Et group (p < 0.05, Figure 1b). While the liver index showed an increase in
the Et group compared with the Co group, a significant decrease in the elevated liver index
caused by alcohol was observed in the DG group compared with the Et group (each p < 0.05,
Figure 1c). The liver pathology observations showed significant pathological changes in the
Et group, including disturbed hepatic cord arrangement, inflammatory cell infiltration and
hepatocyte fat vacuolation. In contrast, lutein and diammonium glycyrrhizinate treatment
attenuated such changes (Figure 1d). Meanwhile, the Et group showed a significant increase
in liver pathology scores compared with the Co group, while MLU, HLU and DG groups
reduced pathology scores compared to the Et group (each p < 0.05, Figure 1e).

Figure 1. Effects of lutein on food intake, body weight and liver tissue. Changes in food intake (a)
and body weight (b) during the experimental period. (c) Index of the liver (n = 10/group). Liver
H&E staining (d) (scale bar = 50 µm, magnification 200× and 400×; black arrows indicate hepatocyte
fat vacuoles, and black triangles suggest inflammatory cell aggregates; n = 8/group) and Hepatic
pathology score (e) (magnification 200×; n = 8/group). The data were shown with mean ± SEM. Co:
normal control group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU:
the low-dose lutein intervention group; MLU: the medium-dose lutein intervention group; HLU: the
high-dose lutein intervention group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs.
Et group, c p < 0.05 vs. LLU group, d p < 0.05 vs. MLU group, e p < 0.05 vs. HLU group.

http://hemi.biocuckoo.org/down.php
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3.2. Effect of Lutein on Serum Biochemical Indices

As shown in Table 3, compared with the Co group, long-term ethanol treatment
increased blood levels of ALT and AST by 38.89% and 35.00%, respectively (each p < 0.05).
In comparison with the Et group, the MLU, HLU and DG groups considerably decreased
serum levels of ALT (20.90%, 22.59% and 39.21%, respectively) and AST (28.03%, 23.16% and
33.06%, respectively) (each p < 0.05). In comparison with the Et group, the MLU, HLU, and
DG groups decreased serum levels of GGT, although the differences were not significant.
Compared with the Co group, TG and TC levels in the Et group were significantly increased
by 41.18% and 50.00%, respectively (each p < 0.05). Compared with the Et group, serum
TG levels in HLU and DG groups were significantly decreased by 27.78% and 37.50%,
respectively (each p < 0.05).

Table 3. Effect of Lutein on Serum Biochemical Indices.

Group ALT
(U/L)

AST
(U/L)

GGT
(U/L)

TG
(mmol/L)

TC
(mmol/L)

Co 46.24 ± 2.35 38.34 ± 1.50 1.90 ± 0.28 0.51 ± 0.04 1.52 ± 0.07
CoLU 50.10 ± 4.33 b 35.34 ± 3.17 bc 2.10 ± 0.55 0.61 ± 0.07 1.70 ± 0.17

Et 64.22 ± 5.87 a 51.76 ± 2.68 a 3.10 ± 0.62 0.72 ± 0.07 a 2.28 ± 0.25 a

LLU 58.02 ± 5.33 45.26 ± 2.19 2.50 ± 0.64 0.62 ± 0.04 1.54 ± 0.09
MLU 50.80 ± 5.63 b 37.25 ± 3.41 bc 1.30 ± 0.30 0.62 ± 0.06 1.51 ± 0.12
HLU 49.71 ± 5.41 b 39.77 ± 3.15 b 1.50 ± 0.31 0.52 ± 0.05 b 1.87 ± 0.17
DG 39.04 ± 2.79 bc 34.65±1.40 bc 1.30 ± 0.21 0.45 ± 0.03 bcd 1.69 ± 0.11

Note: ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; GGT: Gamma-glutamyl transferase;
TG: Triglycerides; TC: Total cholesterol. The data were shown with mean ± SEM, n = 10/group. Co: normal
control group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the low-dose lutein
intervention group; MLU: the medium-dose lutein intervention group; HLU: the high-dose lutein intervention
group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs. Et group, c p < 0.05 vs. LLU group,
d p < 0.05 vs. MLU group.

3.3. Effect of Lutein on Alcohol Metabolism in the Liver

In this experiment, the gene expression levels of ADH1 and ALDH2 in liver was
verified by real-time fluorescence quantitative PCR. The mRNA expression levels of ADH1
and ALDH2 did not differ significantly between the Co and Et groups (p > 0.05). However,
the mRNA expression levels of ADH1 and ALDH2 showed a significantly greater increase
in the HLU group than in the Et group (3.54-fold and 2.65-fold, respectively, each p < 0.05).
At the same time, the mRNA expression levels of ADH1 were increased by 2.30-fold and
3.67-fold in the CoLU and DG groups, respectively, compared with the Et group (each
p < 0.05, Figure 2a,b).

Figure 2. Effect of lutein on alcohol metabolism in the liver. The gene expression levels of ADH1
(a) and ALDH2 (b) in the liver (n = 6/group). The data were shown with mean ± SEM. Co: normal
control group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the
low-dose lutein intervention group; MLU: the medium-dose lutein intervention group; HLU: the
high-dose lutein intervention group; DG: positive control group. b p < 0.05 vs. Et group, c p < 0.05 vs.
LLU group, d p < 0.05 vs. MLU group.
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3.4. Effect of Lutein on Oxidative Stress in the Liver

Immunoblotting was used to determine the amount of cytochrome P450 (CYP2E1)
protein expression in liver tissue. Compared with the Co group, the Et group dramatically
enhanced CYP2E1 protein expression by 88.80%. In comparison with the Et group, the
MLU, HLU and DG groups reduced CYP2E1 expression by 44.16%, 53.15% and 39.33%,
respectively (each p < 0.05, Figure 3a,b). The Et group upregulated the protein expression
level of Nrf2 by 1.01-fold compared with the Co group (p < 0.05), while the expression of
Nrf2 in the remaining groups, in comparison with the Et group, was not noticeably different
(Figure 3c). Furthermore, compared with the Et group, the HLU group significantly
increased the expression level of HO-1 by 52.49% (p < 0.05, Figure 3d). The levels of
antioxidant factors in the organism were then examined and showed that the Et group
significantly decreased the levels of GSH-Px, SOD and T-AOC in contrast to the Co group
(each p < 0.05). Furthermore, compared to the Et group, the levels of GSH-Px significantly
increased in the HLU and DG groups, and the level of SOD and T-AOC significantly
increased in the MLU, HLU and DG groups (each p < 0.05, Figure 3e–g). In addition,
lutein intervention showed a tendency to reduce MDA levels compared with the Et group,
although there was no significant difference (Figure 3h). CAT levels in HLU and DG groups
were significantly higher than in the Et group, as shown in Figure 3i (each p < 0.05).

Figure 3. Effect of lutein on oxidative stress in the liver. (a) The protein expression levels of CYP2E1
(b), nucleus Nrf2 (c), and nucleus HO-1 (d) (n = 3/group). Levels of (e) Glutathione peroxidase (GSH-
Px), (f) superoxide dismutase (SOD), (g) total antioxidant capacity (T-AOC), (h) malondialdehyde
(MDA), (i) catalase (CAT) (n = 10/group). The data were shown with mean ± SEM. Co: normal
control group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the
low-dose lutein intervention group; MLU: the medium-dose lutein intervention group; HLU: the
high-dose lutein intervention group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs.
Et group, c p < 0.05 vs. LLU group, d p < 0.05 vs. MLU group, e p < 0.05 vs. HLU group.

3.5. Effects of Lutein on Levels of Inflammatory Cytokines

The level of inflammatory cytokines in each group was evaluated, as shown in Table 4.
The Et group dramatically increased the levels of pro-inflammatory cytokines TNF-α as
well as IL-1β in comparison with the Co group (26.58% and 68.26%, respectively; each
p < 0.05). The level of TNF-α in the MLU, HLU and DG groups markedly decreased (18.99%,
15.14% and 26.42%, respectively), in comparison to the Et group, while the levels of IL-1β
in the HLU and DG groups significantly decreased (23.59% and 26.24%, respectively; each
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p < 0.05). In addition, there was no significant difference in LBP levels among the groups.
Serum LPS levels in the Et group were higher than in the Co group by 21.43%, while LPS
levels in the HLU group were significantly lower than in the Et group by 10.64% (each
p < 0.05).

Table 4. Effects of lutein on levels of inflammatory cytokines.

Group TNF-α
(pg/mL)

IL-1β
(pg/mL)

LBP
(mg/mL)

LPS
(ng/mL)

Co 9.03 ± 0.54 18.87 ± 1.14 1.38 ± 0.13 143.57 ± 8.27
CoLU 9.52 ± 0.33 b 24.49 ± 2.60 b 1.41 ± 0.08 158.05 ± 6.86

Et 11.43 ± 1.08 a 31.75 ± 3.26 a 1.85 ± 0.09 174.33 ± 6.81 a

LLU 10.25 ± 0.52 27.01 ± 2.92 a 1.67 ± 0.16 166.31 ± 7.14 a

MLU 9.26 ± 0.50 b 27.78 ± 2.69 a 1.60 ± 0.12 158.79 ± 5.70
HLU 9.70 ± 0.54 b 24.26 ± 1.58 b 1.48 ± 0.12 155.79 ± 3.87 b

DG 8.41 ± 0.42 bc 23.42 ± 2.99 b 1.47 ± 0.16 165.63 ± 5.54 a

Note: TNF-α: Tumor necrosis factor α; IL-1β: Interleukin 1β; LBP: Lipopolysaccharide binding protein; LPS:
Lipopolysaccharide. The data were shown with mean ± SEM, n = 10/group. Co: normal control group; CoLU:
the medium-dose lutein control group; Et: ethanol model group; LLU: the low-dose lutein intervention group;
MLU: the medium-dose lutein intervention group; HLU: the high-dose lutein intervention group; DG: positive
control group. a p < 0.05 vs. Co group, b p < 0.05 vs. Et group, c p < 0.05 vs. LLU group.

3.6. Effects of Lutein on Expression of Proteins Associated with Inflammatory Pathways

Immunoblotting revealed that the Et group drastically increased the protein expression
levels of NF-κB, TLR4 as well as MyD88 in liver tissues by 1.37-fold, 1.14-fold and 1.25-fold,
respectively, compared with the Co group, while decreasing the protein expression level of
IκB-α by 52.39% (each p < 0.05). The HLU and DG groups decreased the protein expression
levels of NF-κB (33.10% and 34.82%, respectively), TLR4 (41.59% and 48.36%, respectively),
and MyD88 (47.81% and 46.19%, respectively) and upregulated the protein expression
level of IκB-α (1.22-fold and 1.61-fold, respectively) compared with the Et group (each
p < 0.05). Furthermore, the MLU group decreased the protein expression levels of NF-κB
and MyD88 by 34.60% and 44.97%, respectively, and elevated the protein expression of
IKBα by 1.10-fold, compared with the Et group, and the LLU group also reduced the protein
expression level of MyD88 by 32.95% (each p < 0.05, Figure 4a–e).

Figure 4. Effects of lutein on expression of proteins associated with inflammatory pathways. (a) The
protein expression levels of NF-κB (b), IκB-α (c), MyD88 (d), and TLR4 (e) (n = 3/group). The data were
shown with mean ± SEM. Co: normal control group; CoLU: the medium-dose lutein control group;
Et: ethanol model group; LLU: the low-dose lutein intervention group; MLU: the medium-dose lutein
intervention group; HLU: the high-dose lutein intervention group; DG: positive control group. a p < 0.05
vs. Co group, b p < 0.05 vs. Et group, c p < 0.05 vs. LLU group, d p < 0.05 vs. MLU group, e p < 0.05 vs.
HLU group.
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3.7. Effect of Lutein on the Small Intestine Tissue

Pathological changes in small intestine tissues were then analyzed. The small intestine
tissue was divided into three segments: duodenum, jejunum and ileum, and the length of
each segment was subsequently measured. The results showed that there was no significant
difference in duodenum and jejunum lengths among all groups (Figure 5a,b), but there
was a significant difference in ileum length among all groups. The ileum length of the
LLU, MLU, HLU and DG groups was significantly longer than the Et group (each p < 0.05,
Figure 5c). In addition, pathological sections of ileal tissue showed changes in ileal structure
in the Et group, such as severe atrophy, rupture, and breakage of villi. After the intervention
of lutein, especially high-dose administration of lutein, the pathological changes of ileal
tissue were improved, and the phenomenon of intestinal villi breakage and atrophy was
reduced (Figure 5d). Compared with the Co group, the villus length was significantly
shortened in the Et group (p < 0.05, Figure 5e). The villus length was longer in the MLU,
HLU and DG groups than in the Et group (each p < 0.05). The crypt depth was shallower in
the Et group than in the Co group (p < 0.05, Figure 5f). The villus length to crypt depth ratio
was greater in the MLU and HLU groups than in the Co group (each p < 0.05, Figure 5g).

Figure 5. Effect of lutein on the small intestine tissue. Length of the duodenum (a), jejunum (b), and
ileum (c) (n = 10/group). Ileum H&E staining (d) (scale bar = 50 µm, magnification 200×; red arrows
indicate intestinal villi atrophy). Small intestinal villus length (e), crypt depth (f), and villus length to
crypt depth ratio (g) (n = 5/group). The data were shown with mean ± SEM. Co: normal control
group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the low-dose
lutein intervention group; MLU: the medium-dose lutein intervention group; HLU: the high-dose
lutein intervention group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs. Et group,
e p < 0.05 vs. HLU group.
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3.8. Effect of Lutein on the Ileal Barrier

This experiment verified the expression of ileal barrier proteins and genes using
immunoblotting and real-time fluorescence quantitative PCR. Compared with the Co
group, the protein expression levels of the intestinal barrier proteins Claudin-1, Occludin,
and ZO-1 were downregulated by 39.35%, 54.70% and 47.78%, respectively, in the Et group
(each p < 0.05). The MLU group significantly upregulated the protein expression levels
of Claudin-1 as well as ZO-1 (44.24% and 64.11%, respectively), in comparison with the
Et group, while the HLU group significantly upregulated the protein expression levels of
Claudin-1, Occludin and ZO-1 (50.12%, 78.66% and 95.55%, respectively) (each p < 0.05).
The protein expression levels of Claudin-1, as well as Occludin, were considerably greater
in the DG group than in the Et group (0.82-fold and 1.04-fold, respectively) (each p < 0.05,
Figure 6a–d). The mRNA expression of Occludin and Claudin-1 was significantly decreased
in the Et group compared with the Co group (50.17% and 81.61%, respectively). The
mRNA expression of Occludin in the MLU group increased by 98.58%, and the mRNA
expression levels of Claudin-1 and Occludin in the HLU group increased by 3.36-fold and
1.24-fold, respectively, compared with the Et group (each p < 0.05, Figure 6e,f). However, the
mRNA expression levels of ZO-1 did not differ significantly among the groups (Figure 6g).
Furthermore, the level of D-LA in the Et group was significantly higher than that in the
Co group (p < 0.05), while low-, medium- and high-dose lutein administration did not
significantly reverse the elevation of the indicator (Figure 6h). Compared with the Co
group, the level of FABP2 in the Et group was significantly increased, while the level of
FABP2 in the HLU and DG groups was significantly decreased compared with the Et group
(p < 0.05, Figure 6i).

Figure 6. Effect of lutein on the ileal barrier. (a) The protein expression levels of Claudin-1 (b),
Occludin (c), and ZO-1 (d) (n = 3/group). The gene expression levels of Claudin-1 (e), Occludin (f),
and ZO-1 (g) (n = 6/group). Levels of (h) D-Lactic acid (D-LA) and (i) intestinal fatty acid binding
protein (FABP2) (n = 10/group). The data were shown with mean ± SEM. Co: normal control group;
CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the low-dose lutein
intervention group; MLU: the medium-dose lutein intervention group; HLU: the high-dose lutein
intervention group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs. Et group,
c p < 0.05 vs. LLU group, d p < 0.05 vs. MLU group, e p < 0.05 vs. HLU group.

3.9. Effect of Lutein on the Microbiota of Cecum Contents

The Simpson and Shannon indexes, the measure of species diversity, and the Chao1
and ACE indexes, the measure of species abundance, were used to evaluate α-diversity
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among the groups. The results indicated that the Simpson index was not markedly distin-
guished among the groups. However, the Shannon index of MLU and HLU groups was
larger than that of the DG group (p < 0.05, Figure 7a,b). Compared with the Co group, the
Chao1 and ACE indexes in the Et group were increased (each p < 0.05). In contrast, the
Chao1 and ACE indexes in the DG group were decreased compared with the Et group
(each p < 0.05, Figure 7c,d). The results of PCoA analysis based on unweighted unifrac dis-
tance indicated that the microbial communities could be well separated among the groups
(R = 0.543, p < 0.01). In addition, there was a considerable variation in β-biodiversity
between the Co and Et groups (R = 0.635, p < 0.01), while there was also a considerable vari-
ation in β-biodiversity between the Et and each intervention group (Et vs. LLU, R = 0.287,
p < 0.05; Et vs. MLU, R = 0.428, p < 0.05; Et vs. HLU, R = 0.813, p < 0.01; Et vs. DG, R = 0.809,
p < 0.01; Figure 7e). Subsequently, the characteristic bacteria with significant differences
in each group were analyzed using the LefSe method (LDA > 2.5, Figure 7f). In the Co
group, Monoglobus was enriched at the genus level, and the unclassified Lchnospiraceae
NK4A136 group was abundant at the species level (each p < 0.05). In the CoLU group,
Akkermansia, Phascolarctobacterium, as well as Incertae sedis, were enriched at the genus
level (each p < 0.05). In the Et group, the Enterorhabdus and uncultured rumen bacterium
were abundant at the genus level, and Eggerthellaceae was enriched at the family level
(each p < 0.05). In the LLU group, the Eubacterium xylanophilum group, Faecalitales, and
Bifidobacterium were enriched at the genus level, and Bifidobacterium animalis were abundant
at the species level (each p < 0.05). In the MLU group, Allobaculum, Dubosiella, as well as
Colidextribacter were abundant at the genus level, while in the HLU group, Alloprevotella,
Faecalibacterium, and Quinella were abundant at the genus level and Bifidobacterium longum
was abundant at the species level (each p < 0.05). In the DG group, Blautia, Coriobacteriaceae
UCG 002, Bacteroides, and Negativibacillus were enriched at the genus level (each p < 0.05).

Subsequently, Kruskal–Wallis tests were performed at the genus level to look for
differential bacteria in each group (Figure 7g). The relative abundance of the Eubacterium
ruminantium group was increased in the three groups following low-, medium-, and high-
dose lutein intervention, with the relative abundance of this bacterium in the LLU and
MLU groups being considerably higher than in the DG group (each p < 0.05). In the HLU
group, the relative abundance of Subdoligranulum was considerably greater than in the
Co, CoLU, Et, and LLU groups (each p < 0.05), the relative abundance of Quinella was
substantially more than in the Co and CoLU groups (each p < 0.05), the relative abundance
of Faecalibacterium was significantly higher than in the Co, CoLU, Et and LLU groups (each
p < 0.05), and the relative abundance of Coprobacter was higher than in the Co, CoLU, Et
and LLU groups (each p < 0.05). In the DG group, the relative abundance of Prevotella 9 was
considerably more than in the Et and LLU groups (each p < 0.05), the relative abundance of
Megasphaera was substantially more than in the Co, Et, and LLU groups (each p < 0.05), the
relative abundance of Lachnospiraceae ND3007 group was substantially higher than in the Et
and LLU groups (each p < 0.05), and the relative abundance of Dialister was substantially
higher than in the Co, Et and LLU groups (each p < 0.05). The relative abundance of
Phascolarctobacterium was substantially lower in the LLU group than in the Co and CoLU
groups (each p < 0.05). The species distribution of cecum contents at the order level for
each group is shown in Figure 7h.
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Figure 7. Effect of lutein on the microbiota of cecum contents. (a) Simpson index, (b) Shannon index,
(c) Chao 1 index, (d) ACE index,; the data were expressed as M (QR). (e) PCoA based on unweighted
unifrac distance (Analysis of Similarities (ANOSIM) analysis was used for comparison between
groups: the closer the R-value is to 1, the more likely the difference among groups will be bigger
than the difference within groups (p < 0.05 indicates that the test has high confidence). (f) LEfSe
analysis (LDA score > 2.5). (g) The top 20 species with the most significant differences at the genus
level, followed by BH-FDR correction for results with significant differences; the data were expressed
as mean ± SD. (h) Species distribution map at the order level (n = 6/group). Co: normal control
group; CoLU: the medium-dose lutein control group; Et: ethanol model group; LLU: the low-dose
lutein intervention group; MLU: the medium-dose lutein intervention group; HLU: the high-dose
lutein intervention group; DG: positive control group. a p < 0.05 vs. Co group, b p < 0.05 vs. Et group,
c p < 0.05 vs. LLU group, d p < 0.05 vs. MLU group, e p < 0.05 vs. HLU group.
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3.10. Correlation of Differential Bacterial Genera with Biochemical Indicators

As shown in Figure 8, Enterorhabdus was positively correlated with ALT (r = 0.35,
p < 0.05), TNF-α (r = 0.37, p < 0.05), TG (r = 0.36, p < 0.05), and LPS (r = 0.32, p < 0.05).
Faecalibacterium was negatively correlated with ALT (r = −0.43, p < 0.01), AST (r = −0.37,
p < 0.05), TNF-α (r = −0.35, p < 0.05), GGT (r = −0.32, p < 0.01), and MDA (r = −0.52,
p < 0.05) and positively correlated with SOD (r = 0.35, p < 0.05). Subdoligranulum was
negatively correlated with ALT (r = 0.41, p < 0.01), AST (r = −0.33, p < 0.05), TG (r = −0.35,
p < 0.05), TNF-α (r =−0.38, p < 0.05), LPS (r =−0.36, p < 0.05), and MDA (r =−0.52, p < 0.01)
and positively correlated with SOD (r = 0.40, p < 0.01). Phascolarctobacterium was negatively
correlated with TNF-α (r =−0.40, p < 0.01), TG (r =−0.31, p < 0.05), LPS (r =−0.36, p < 0.05),
LBP (r = −0.36, p < 0.05), and D-LA (r = −0.41, p < 0.01).

Figure 8. Correlation of differential bacterial genera with biochemical indicators. Differential bacterial
genera were defined as genera with relative abundance above 0.01% in each group, including
differential genera identified using Kruskal-Wallis tests for each group with BH-FDR correction for
significance results. Genera identified by LEfSe analysis (LDA > 2.5) were significantly enriched
in the Et and HLU groups, respectively (p < 0.05) (n = 6/group). (Spearman correlation analysis:
correlation coefficient threshold set to 0.1, positive correlation in red, negative correlation in blue).
* p < 0.05, ** p < 0.01.

4. Discussion

The current study investigated the role and mechanism of lutein in the liver and
intestinal barrier damage in rats induced by persistent alcohol. The findings revealed
that lutein might reduce liver and intestinal barrier damage in rats via antioxidant and
anti-inflammatory actions and enrich beneficial flora in rats.

Chronic alcohol consumption may lead to disturbances in the nutritional metabolism
of the organism [24], causing slow weight gain in experimental rats [25]. Consistent with
previous studies, our alcohol-fed rats showed a phenomenon of reduced food intake and
weight, possibly because alcohol intake causes anorexia in rats [26], which increases the
risk of malnutrition, thus causing low body weight. Meanwhile, the levels of transaminases
(ALT, AST) in serum were raised as a result of hepatocyte damage which was induced by
ethanol [27,28], whereas high-dose lutein intervention attenuated alcohol-induced transam-
inase elevation, demonstrating the protective effect of lutein on hepatocytes [15,29]. In ad-
dition, long-term alcohol intake can promote TG and TC synthesis and hepatocyte steatosis
in the organism [30,31], leading to increased serum TG and TC levels and a corresponding
increase in the liver index [32]. Lutein can prevent excessive lipid accumulation [33] and
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also effectively ameliorate liver damage in rats with nonalcoholic fatty liver [12]. Consis-
tent with this, supplementation with high-dose lutein significantly reduced TG levels in
chronic-alcohol-consuming rats in the current work.

Liver is the main site of ethanol metabolism, and alcohol dehydrogenase (ADH),
aldehyde dehydrogenase 2 (ALDH2), and cytochrome P450 2E1 (CYP2E1) in liver cells
are closely related to alcohol metabolism [34]. Long-term alcohol intake can reduce the
activities of ADH1 and ALDH2 and increase CYP2E1 protein expression in the liver, and
this generates excessive reactive oxygen species (ROS) that induce liver damage [4,35,36].
In particular, the massive accumulation of ROS disrupts lipid metabolism in the liver
and elevates MDA, the end product of lipid peroxidation, as well as TG levels [37,38].
After high-dose lutein intervention, the mRNA expression of ALDH2 related to alcohol
metabolism in the liver was promoted, which may be related to the fact that antioxidants
can promote alcohol metabolism and resist alcohol-induced liver injury by regulating
the feedback mechanism between Nrf2 and ALDH2 [39]. Despite this, there was no
significant difference in Nrf2 expression between the Et group and the HLU group in
this study. However, high-dose lutein intervention promoted the expression of HO-1, an
antioxidative factor downstream of Nrf2, so lutein may promote alcohol metabolism by
playing an antioxidative role, but further studies may be needed to explore the relationship
between lutein and alcohol metabolism. Chronic alcohol feeding may elevate the protein
levels of Nrf2 in the liver cell nuclei of experimental rats, which may be a compensatory
response [40,41]. However, long-term alcohol consumption did not increase the expression
of the antioxidative factor HO-1, thereby also reducing the generation of the enzymatic
antioxidative factors GSH-Px and SOD, which resist the excessive accumulation of ROS in
the organism [42–44]. Meanwhile, chronic alcohol intake depletes the body of enzymatic
antioxidative factors [45], thus creating a vicious circle and promoting disease progression.
However, the lutein intervention reduced the alcohol-induced elevated protein expression
level of CYP2E1, while further alleviating the levels of TG and MDA, suggesting that
lutein may have ameliorated liver injury through antioxidative effects. At the same time,
administration of high-dose lutein further promoted the expression of the antioxidative
factor HO-1, thus resisting the alcohol-induced decrease in the levels of antioxidative
factors SOD and GSH-Px, and also has the potential to raise T-AOC, which can reflect the
organism’s non-enzymatic antioxidative capacity [46]. In conclusion, lutein may play an
antioxidative role in antagonizing alcohol-induced liver injury by regulating the Nrf2/HO-1
signaling pathway.

Chronic alcohol intake causes inflammatory damage and oxidative stress in the liver.
Ethanol and its metabolites can induce dissociation of the IKK complex (composed of
NF-κB and IκB-α) and degrade IκB-α, thereby dissociating the complex to release NF-
κB as well as promoting the release of inflammatory factors, such as TNF-α and IL-1β,
further aggravating liver damage [47]. Furthermore, chronic alcohol consumption leads
to elevated blood levels of the endotoxin LPS, which is one of the central mediators of
alcoholic hepatitis [48]. The lipopolysaccharide-binding protein (LBP) in the blood binds to
intestinal-derived LPS, which can transport it to the liver and induce inflammatory damage
in the liver [49]. Specifically, upon entering the liver, LPS first binds to the recognition
receptor Toll-like receptor 4 (TLR4) [50], which, when the TLR4-MyD88 complex is formed,
can also subsequently release NF-κB as well as increase the levels of its downstream
inflammatory factors [51,52], further aggravating the liver injury. In the present study,
chronic ethanol intake activated the inflammatory pathway in the liver and thus promoted
the release of the pro-inflammatory factors TNF-α as well as IL-1β, leading to inflammatory
damage in the liver. This liver damage may be caused by the combined action of alcohol
through its metabolites and the LPS pathway. This study also found that supplementation
with lutein reversed alcohol-induced changes in inflammatory protein expression, reduced
the level of inflammatory factors, and ameliorated liver injury to some extent. Oxidative
stress and inflammatory responses are closely related pathological alterations, and there is
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mutual crosstalk between Nrf2 and NF-κB [53], so lutein may be acting in joint resistance to
alcohol-induced liver damage by exerting antioxidative and anti-inflammatory capacities.

Meanwhile, chronic alcohol intake can induce oxidative stress in the intestine [54],
causing increased intestinal permeability and disrupting the intestinal tight junction [5],
which consists of transmembrane proteins such as Occludins and Claudins as well as
intracellular molecules such as ZO-1 [55]. At the same time, intestinal tight junction
disruption leads to intestinal barrier breakdown, which promotes the release of LPS and
further causes liver damage [48]. Previous studies have found that intestinal leakage after
chronic alcohol exposure occurs in the ileum, but not in the duodenum or jejunum [56].
Therefore, we examined the tight junctions of the ileum. We found that chronic alcohol
intake disrupts the tight junctions of the ileum, leading to decreased protein levels of
Claudin-1, Occludin and ZO-1, and considerably elevating the level of I-FABP, which is
positively correlated with intestinal permeability [57], resulting in an impaired intestinal
barrier. Previous studies had found that lutein can reduce small intestinal villus injury
and intestinal cell shedding, inhibit the increase of lipid peroxide, and improve intestinal
oxidative injury caused by ischemia-reperfusion (I/R) [58,59]. In addition, lutein could
improve intestinal oxidative stress damage by exerting antioxidative effects [60], and it can
also regulate intestinal tight junction opening and improve the impaired gut barrier [16].
In this research, supplementation with high-dose lutein up-regulated the protein and gene
expression of Claudin-1 and Occludin and alleviated the high FABP2 status in the organism,
which improved the impaired intestinal barrier. By supplementing with lutein, the LPS
level was reduced, and the liver inflammation caused by alcohol was further alleviated.

Furthermore, alcohol intake can lead to bacterial overgrowth in the cecum [61]. The
current study found that the Chao1 and ACE indexes, which measure the number of bacte-
ria, were increased after alcohol intake, indicating that alcohol caused bacterial overgrowth
in the cecum. The Et group was significantly enriched for Eggerthellaceae, a pathogenic
bacterium [62], and Enterorhabdus, a Gram-negative bacterium, in which LPS is a part of the
cell wall of Gram-negative bacteria. Since alcohol causes a leaky gut, it further promotes
the increase of LPS in the blood and aggravates liver damage. In addition, Enterorhabdus
were positively correlated with factors that could promote the release of pro-inflammatory
cytokines and damage the epithelial barrier [63]. In contrast, after high-dose lutein in-
tervention, the intestinal flora composition changed dramatically (Et vs. HLU, R = 0.813,
p < 0.01), although the Chao1 and ACE index did not significantly alter. In contrast to
the Et group, the HLU group was enriched for Bifidobacterium longum, which may create
short-chain fatty acids [64]. In addition, Bifidobacterium longum has been found to improve
alcohol-induced liver and intestinal barrier damage [65]; this also implies that, by enrich-
ing Bifidobacterium longum, lutein intervention might reduce alcohol-induced damage in
the body. Previous research has discovered that prolonged excessive alcohol use reduces
the relative abundance of Subdoligranulum and Faecalibacterium [66,67], particularly when
intestinal permeability is high [68]. In the current research, however, the administration
of high-dose lutein intervention improved alcohol-induced intestinal barrier damage and
reduced intestinal permeability, while the relative abundance of Subdoligranulum, as well as
Faecalibacterium, was increased, which also further indicated the regulatory effect of lutein
on alcohol-induced intestinal barrier injury and flora disorders.

A previous study has found that lutein can improve liver injury induced by binge
drinking in rats by inducing antioxidative and anti-inflammatory effects [69]. The present
study investigated the protective effect of lutein on liver injury induced by chronic alcohol
intake. Our study focused on the dose-response relationship and the combined effects of
the liver–gut axis, and also explored the relationship between lutein and gut microbiota,
which were not examined in the previous study. The mechanisms of liver injury induced by
acute and chronic alcohol feeding were similar but different. Changes in gene expression
after long-term ethanol feeding might sensitize the liver to alcohol-induced damage that
is not seen after acute alcoholism [70]. At the same time, long-term alcohol feeding can
lead to increased protein expression of CYP2E1, and intestinal permeability will also
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increase with the long-term consumption of ethanol, at which time TLR4-mediated liver
inflammatory injury is particularly important [71–73]. The previous study has found that
short-term high alcohol intake induces oxidative stress and inflammatory responses in
the liver. Lutein intervention enhanced the protein expression of Nrf2 in the liver of rats,
up-regulated the level of antioxidants in the body, down-regulated the protein expression
of NF-κB and its downstream target factors COX-2 and iNOS, and reduced the level of
inflammation-related factors [69]. However, in the present study, lutein administration did
not significantly increase the expression of Nrf2 in the liver, which may be related to the
continuous oxidative stress in the body caused by long-term alcohol exposure. However,
lutein administration could promote the protein expression of the antioxidative factor HO-1
downstream of Nrf2, regulate the NF-κB/TLR4 inflammatory pathway, and alleviate the
damage to the intestinal barrier, thereby reducing the oxidative and inflammatory damage
to the liver and ileum caused by long-term alcohol intake. Recent studies have found that
autophagy plays an important role in the pathology of alcoholic liver disease, as acute
alcohol intake enhances autophagy in the liver and, conversely, chronic alcohol feeding
inhibits autophagy, although many conflicting studies have emerged [74–76]. However,
existing studies have found that lutein can induce protective autophagy in cells under
stress, while at the same time having a resistance effect on harmful excessive autophagy in
cells [77,78]. Although the relationship between lutein and autophagy in the liver under
continuous alcohol intake was not investigated in this study, it has provided ideas for
future research.

5. Conclusions

In conclusion, in the current trial, liver injury and intestinal barrier dysfunction
induced by chronic alcohol use in rats were attenuated by lutein. Moreover, the protective
effect of lutein is connected to its regulation of the Nrf2/HO-1 pathway and the TLR4/NF-
κB pathway. Furthermore, high-dose lutein supplementation has the potential to enrich
beneficial flora (e.g., Bifidobacterium longum, Faecalibacterium, and Subdoligranulum). This
animal study implies that lutein might be utilized as a dietary supplement to prevent and
alleviate chronic alcoholic liver damage and intestinal barrier dysfunction; however, further
human studies are needed to validate this.
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