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Abstract: The intestinal barrier system protects the human body from harmful factors, by continuously renewing the intestinal 
epithelium, tight junctions and enteric microbes. However, dietary fat can harm the intestinal epithelial barrier enhancing gut 
permeability. In recent years, Apolipoprotein A-I has attracted much attention because of its anti-inflammatory properties. 
Numerous studies have demonstrated that Apolipoprotein A-I can regulate mucosal immune cells, inhibit the progression of 
inflammation, promote epithelial proliferation and repair, and maintain physical barrier function; it can also regulate angiogenesis, 
thereby improving local circulation. This article is intended to elucidate the mechanism by which Apolipoprotein A-I improves 
intestinal barrier damage caused by dietary fat and to review the role of Apolipoprotein A-I in maintaining intestinal homeostasis. 
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Introduction
The gut is the largest boundary between the human body and the outside environment, with a complex barrier system to 
protect the body from toxins, bacteria and other potentially harmful substances.1 It includes continuously renewing 
intestinal epithelial cells (IECs), tight junctions (TJs), and gut microbes. However, irritants such as those from diet, 
especially the fat, can breakdown the intestinal barrier, exposing the gut’s contents to immune cells in the mucosal 
layers.2 These changes will lead to mucosal immune disorder, promote an inflammatory response, damage intestinal 
structure, and make the body susceptible to various intestinal diseases, such as inflammatory bowel disease (IBD) and 
infectious diarrhea, etc.3

Dietary fat has been the focus of studies on intestinal barrier regulation. In a mouse model of IBD, intake of a high-fat 
diet (HFD) promotes and exacerbates experimental colitis.4 In humans, a HFD is associated with an increased risk of 
IBD, possibly due to enhanced mucosal permeability of gut microbes or dietary antigens.5 Specifically, there is 
a significant positive correlation between the prevalence of IBD and a country’s industrialization status, as the diets of 
these societies tend to be richer in processed fats and sugars.6 Therefore, there is a need to understand the molecular 
mechanisms of dietary fat-mediated intestinal barrier damage. Dietary fat ruins the intestinal barrier in various ways. 
Most lipolysis products cause permanent damage to the intestinal mucosal barrier by activating the oxidative stress 
response in intestinal epithelial cells. In addition, it can change the composition of the intestinal mucus layer and regulate 
the redistribution of tight junction proteins in the luminal surface of the intestinal epithelium. A HFD induces elevated 
serum levels of lysophosphatidylcholine(LPC).7 Serum levels of LPC are positively correlated with intestinal barrier 
damage, which is thought to be associated with changes in intestinal flora. Therefore, unreasonable dietary fat intake can 
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affect the intestinal barrier through oxidation, intestinal flora, IECs and other aspects, thus inducing intestinal diseases 
and dyslipidemia.5

Interestingly, intestinal mucosal injury diseases, such as IBD, are often accompanied by differences in the lipid 
metabolism profile,8 even in the absence of a long-term high-fat diet. A US study of lipid profiles in 393 IBD patients 
(152 men and 241 women) found significant reductions in total cholesterol and high-density lipoprotein-C (HDL-C) and 
significant increases in low-density lipoprotein-C (LDL-C).9 Studies have also shown that very low-density lipoprotein 
(VLDL) and HDL synthesis is associated with abnormal lipoprotein and apolipoprotein composition in patients with 
IBD.10 The significant decrease in HDL-C is believed to be caused by missing or abnormal assembly components, and 
the metabolic abnormality of APOA-I is the main cause.11

Apolipoprotein A-I(APOA-I) is a multi-effector molecule. APOA-I is the major protein component of HDL.12 

APOA-I is mainly involved in the ABCA1/ABCG1-related signaling pathway, which plays an important role in the 
regulation of immune cell function, endothelial cell differentiation, epithelial structure integrity and platelet activation.13 

Colonic inflammation in APOA-I-deficient mice was more severe in a model of Dextran Sulfate Sodium Salt (DSS) - 
induced enteritis, and the use of APOA-I mimics significantly alleviated the progression of intestinal inflammatory 
injury.14 Interestingly, a portion of APOA-I synthesized by intestinal epithelial cells does not enter the blood but is 
secreted and adheres to the luminal side of the intestine.15 A long-term HFD reduced the expression of APOA-I in the gut 
and liver of mice, which was associated with the downregulation of peroxisome proliferator-activated receptor γ (PPARγ) 
and paraoxonase 1 (PON-1).16 Similarly, biochemical and genetic markers of inflammation and abnormal lipid metabo-
lism, such as increased C-reactive protein (CRP), lipoprotein (A), homocysteine, and decreased APOA-I and HDL 
expression, were observed in the serum of IBD patients. These studies suggest that APOA-I may be involved in the HFD- 
induced intestinal barrier damage.

In summary, APOA-I is involved in oxidation, inflammatory response, immune effect and other aspects, which is 
consistent with the pathway of intestinal damage caused by high-fat diet. Therefore, it is necessary to fully summarize 
relevant studies in this area to clarify that APOA-I can alleviate dietary fat-induced intestinal damage. In order to help us 
utilize our current understanding of APOA-I function in future studies, the source and site of action of APOA-I is 
summarized in Figure 1, and the possible role of APOA-I in the gut is summarized in Figure 2.

APOA-I is Involved in Inflammation and Immune Responses
It has long been known that the integrity of the intestinal barrier is highly sensitive to the inflammatory state of the gut. 
For example, the increased intestinal permeability observed in Crohn’s disease (CD) is the result of abnormal IEC effects 
induced by proinflammatory mediators such as IL-1b, IL-6, IFN-γ, and TNF-α.17 The CD-associated Th1 inflammatory 
response directly leads to pathological changes in the intestinal barrier by transducting cytokine signals to immune cells 
and IECs.18 Of course, these cytokines have become major targets for inflammatory therapy.19 HFD initially induces 
increased intestinal permeability and transient symbiosis of the gut microbiome, changes that may ultimately increase the 
risk of gut inflammation or exacerbate preexisting inflammation.20 In addition to the above contents, dietary free fatty 
acids are also involved in the inflammatory reaction by directly stimulating inflammatory signals, further enhancing 
intestinal hyperpermeability.21 The following aspects explain how APOA-I affects the pathogenesis of HFD through 
inflammation.

APOA-I Blocks LPS-Related Inflammatory Effects
LPS, a component of gram-negative bacteria, is an important antigen recognized by proinflammatory Toll-like receptor 4 
(TLR4) in immune cells and intestinal epithelial cells. Intestinal permeability facilitates the passive translocation of 
luminal LPS or LPS-containing bacteria into the mucosal layer, increasing the transfer of LPS into the blood.22 This 
relationship may partly explain the elevated serum LPS in patients with IBD and other intestinal diseases, such as 
necrotizing enterocolitis. Stimulation of a TLR4-CD14-dependent proinflammatory response, which directly alters the 
intestinal barrier, is the best-known effect of LPS. In addition, LPS directly induces rapid IEC shedding without 
compensating for TJ resealing.23 It should be noted that dietary fat increased serum LPS levels independently of 
permeability status.24
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APOA-I prevents direct contact of LPS with immune cells and intestinal epithelial cells. APOA-I can directly neutralize 
endotoxins, including lipopolysaccharides (LPS) from gram-negative bacteria and teichoic acid (LTA) from gram-positive 
bacteria.25 They constitute a complex that binds to the SR-BI receptor to remove endotoxins. In the absence of endotoxins, the 
activation of TLR4 is inhibited, and the expression of downstream inflammatory factors such as tumor necrosis factor, 
interleukin-1β (IL-1β), and interleukin-6 (IL-6) is reduced. The reduction in these proinflammatory factors prevents inflamma-
tory damage to the gut. Thus, APOA-I prevents LPS from activating TLR in excess, thereby ameliorating LPS-related 
inflammatory damage caused by a HFD.

APOA-I Improves Immune Cell Differentiation and Proliferation
HFD is thought to be associated with low-grade intestinal inflammation,26 which leads to metabolic disorders and 
susceptibility to colitis. These changes may be attributed to the effects of fatty acids, which may affect the differentiation 
and activity of intestinal immune cells. APOA-I seems to change that.

Figure 1 Biogenesis of APOA-I and targets of intestine-related effects. Approximately 75% of APOA-I protein is produced by hepatocytes, with the remaining 25% produced 
by small intestinal epithelial cells. Studies have shown that some APOA-I is also produced by the proximal end of the mouse colon, which is consistent with the reported 
expression of APOA-I in the human fetal colon. APOA-I is primarily catabolized in the liver. In the cell membranes of hepatocytes and enterocytes, APOA-I binding to 
ABCA1 mediates the production of nascent HDL particles and exerts lipid efflux. Also circulating and intestinal APOA-I can directly interact with intestinal epithelial cells, 
lamina propria immune cells, and vascular endothelial cells.
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APOA-I and Innate Immunity
In one study, mice deficient in the ATP-binding cassette transporter A1 (ABCA1) /ATP-binding cassette transporter G1 
(ABCG1) receptor exhibited signs of the myeloproliferative disease, which could be suppressed by APOA-I transgene 
expression.27 Further studies revealed that the immunosuppressive effect of APOA-I was dependent on a cholesterol-rich 
lipid raft microstructure, which was expressed in macrophages, neutrophils, dendritic cells, B cells, and T cells. There are 
a large number of docking sites in this microstructure, which trigger a series of signal transduction effects.28 The binding 
of APOA-I to ABCA1 on lipid rafts induces cholesterol efflux. It decreases the lipid density on the cell membrane 
surface, lipid raft area, and CD11b expression and distribution density, which leads to the downregulation of neutrophil 
activation, migration, and adhesion.29 Similarly, TLR signaling in macrophages and histocompatibility class II molecule 
(MHC II) expression in antigen-presenting cells were downregulated.30 APOA-I also induces dendritic cell maturation 

Figure 2 Mechanism by which APOA-I alleviates intestinal damage induced by HFD. APOA-I regulates intestinal immune inflammation, fights oxidative stress and promotes 
angiogenesis. APOA-I, produced in the intestine and of parenteral origin, acts in the intestinal epithelium, lamina propria and circulation. APOA-I blocks the LPS-induced 
inflammatory response and inhibits the NF-κB inflammatory pathway of macrophages and dendritic cells in the lamina propria through the ABCA1 receptor, thereby 
preventing the production of downstream inflammatory factors. Circulating APOA-I also decreases the effector function of neutrophils; APOA-I also regulates T-cell 
differentiation, causing an increase in Treg cells and a decrease in differentiation to Th1, Th2, and Th17. APOA-I can act directly on intestinal epithelium, promoting epithelial 
cell differentiation; APOA-I against antioxidant products, which avoids damage to the epithelial barrier. APOA-I can bind to SR-BI of endothelial cells and contribute to 
vascular neovascularization and vessel wall integrity.
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and differentiation, which are associated with increased expression of prostaglandin E2 and IL-10 and decreased 
expression of IL-12 and IFN-γ.31 Therefore, APOA-I may regulate the differentiation and maturation of innate immune 
cells, which may be carried out in conjunction with the regulation of lipid metabolism.

Regardless of the fact that the lipid raft theory explains most of the immunosuppressive effects of APOA-I, there 
appear to be other pathways for APOA-I.32 The expression of inflammatory molecules such as NOD-like receptor protein 
3 (NLRP3), IL-1β, and Caspase-1 can be inhibited by APOA-I, especially in macrophages. ABCA1/ABCG1 receptor 
knockout mice showed Caspase-1 activation in monocytes, macrophages, and neutrophils, which induced immune cell 
apoptosis. Although there is no consensus, the accumulation of cholesterol or lipids in immune cells is a dangerous sign 
of inflammation, and APOA-I can counteract this effect.33

APOA-I and Adaptive Immunity
Eating a HFD has been reported to cause an increase in Th1 cells, CD8+ T cells, and Th17 cells and a decrease in Tregs 
in the lamina propria of the small intestine and colon. The cytokines produced by these adaptive immune cells also 
change. For example, the intestines of mice fed a HFD showed significant reductions in IL-17, IL-10, and IL-22.34 These 
cytokines can regulate the recruitment of inflammatory cells and maintain the intestinal barrier by stimulating IECs to 
express TJs or increasing the proliferation of intestinal stem cells.

APOA-I also regulates the activity of adaptive immune cells. APOA-I inhibited inflammation in LDL-receptor null 
mice, an effect associated with an increase in regulatory T cells and a decrease in effector or memory T cells.35 While 
inhibiting dendritic cell maturation, APOA-I also downregulates the responsiveness of Th1 and Th17 cells to reduce the 
progression of inflammation.36 This suggests that APOA-I compensates for the excessive depletion of inflammatory 
T cells and inhibits their sensitivity to proinflammatory stimuli. This in turn counteracts the failure of inflammatory cell 
recruitment caused by the reduction of inflammatory factors caused by HFD.

The Proinflammatory Effects of NF-κB Were Inhibited by APOA-I
NF-κB plays a critical role in cellular inflammatory and immune responses. Dysfunctions that regulate the balance of NF- 
κB activation are present in IBD patients.37 Such changes may result in a decrease in antimicrobial peptides and 
epithelial barrier disruption, leading to the invasion of pathogenic microorganisms. For example, hyperactivation of 
NF-κB induces the production of proinflammatory mediators such as cyclooxygenase-2 (COX-2), TNF-α, and IL-6.38 In 
a mouse model of enteritis, this agitation is inhibited by the APOA-I mimetic peptide, which seems to be associated with 
autophagy by IkB kinase.39 APOA-I excites ABCA1 and subsequently stimulates NF-κB activation. However, this did 
not demonstrate a significant proinflammatory effect. There appears to be a self-intervention that regulates ABCA1 
downstream signaling. In conclusion, APOA-I and its mimicking peptide inhibited the inflammatory cytokine cascade 
induced by NF-κB overactivation and prevented the progression of intestinal inflammatory injury.

Regulation of Intestinal Epithelial Injury and Proliferation
The integrity of the intestinal epithelium is the most prominent physical part of the intestinal barrier, including the static 
apical junction complex (AJC) and the dynamic epithelial cell renewal process.40 Under the guidance of Wnt signaling, 
IECs are continuously shed and replaced by new intestinal cells.41 This is controlled by a complex process of superficial 
intestinal cell apoptosis, rapid AJC resealing, and basal cell upward movement, differentiation, and proliferation. The 
intestinal epithelium is exposed to digested food all the time, and dietary composition is the most direct factor affecting 
the intestinal epithelium. Dietary fat can impair intestinal epithelial integrity in both direct and indirect ways, and APOA- 
I appears to reverse these pathological changes.

APOA-I Improves Epithelial Barrier Function
Changing the integrity of the apical junction complex is part of the mechanism by which dietary fat regulates intestinal 
permeability.42 The permeability of IECs can be dynamically altered by the rearrangement of cytoskeletal elements, 
expression of AJC proteins, or posttranslational modifications. Therefore, disruption of AJC complexes results in 
increased intestinal permeability. Recent studies have shown that dietary fat directly regulates AJC integrity. For 
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example, chronic HFD consumption decreases intestinal TJ protein expression in mice.43 Certain fatty acids enriched in 
a HFDassist in the redistribution of actin and TJ proteins mediated by protein kinase C (PKC).44 These results confirm 
that dietary fat directly alters intestinal epithelial integrity by interacting with intestinal epithelial cells.

APOA-I has been demonstrated to affect the expression and rearrangement of tight junction proteins. Recovery 
of tight junction proteins ZO-1 and occludin was observed in APOA-I bronchial asthmatic mice, which was 
associated with increased expression of lipoxin A4 (LXA4).45 In acute respiratory distress syndrome-sepsis model 
mice, APOA-I induced proliferation and migration of type II alveolar epithelial cells through the MAPK pathway 
and enhanced intercellular junctions.46 Similarly, APOA-I increased renal podocyte density and glomerular synaptic 
protein expression.47 An increasing amount of data suggests that APOA-I can increase the integrity of the epithelial 
barrier. However, the mechanism of interaction between APOA-I and intestinal epithelial cells needs further 
clarification.

APOA-I Improves Intestinal Oxidation
Dietary fats are rich in polyunsaturated fatty acids, which easily stimulate oxidation (OS).48 Studies have shown that 
OS disrupts intestinal barrier function mainly by altering enterocyte shedding-proliferation, disrupting the OCLN-ZO1 
pathway, and inducing inflammation, which predisposes the gut to chronic diseases such as IBD. Treatment of Caco2 
cells with lipid peroxides not only induced significant oxidative stress, but also inhibited the G0/G1 cell transition and 
the expression of cyclin D/cycle-dependent kinase 4, and enhanced DNA oxidation in a concentration-dependent 
manner.49 Therefore, inhibition of oxidative stress can reverse the damage to the intestinal epithelium caused by 
dietary fat.

As a cholesterol scavenger, APOA-I promotes oxidative lipid clearance. APOA-I inhibits oxidative stress in several 
ways. APOA-I mimetic peptide 4F can increase the expression and activity of antioxidant enzymes, including heme 
oxygenase 1 (HO-1) and superoxide dismutase (SOD), in endothelial and epithelial cells.50 Indeed, the main effect of 
APOA-I on oxidative damage may be the change it has on mitochondrial repair.51 APOA-1 regulates the balance between 
Th-17 cells and Tregs, improves mitochondrial function, increases mitochondrial electron transport chain (ETC) activity, 
and stabilizes PON-1 in HDL particles, which maintain PON-1 activity.52 The latter can prevent immune membrane lipid 
peroxidation, circulating oxidized lipoproteins, and mitochondrial oxidative damage. Chronically elevated ROS/RNS 
levels are responsible for the depletion of APOA-1 and PON-1 levels. Meanwhile, chronic oxidative stress induces 
APOA-1 dysfunction. In this environment, PON-1 also appears dysfunctional, which seems to be mediated by elevated 
MPO activity. These studies suggest that APOA-I can ameliorate the increased intestinal permeability and risk of 
intestinal disease associated with intestinal OS.

APOA-I Regulates Energy Metabolism in IECs
Any activity requires an adequate supply of energy, and mitochondria are the main sites for energy metabolism.53 

Mitochondrial function disorders have been observed in IBD patients, suggesting a significant link between the disease 
and mitochondrial dysfunction. Intestinal cells from patients with IBD have lower energy levels than cells from healthy 
subjects.54 Notably, mitochondrial mutations in mice resulted in increased intestinal ATP levels and oxidative phosphor-
ylation activity, thereby protecting mice from experimental colitis.

Improved energy metabolism is regarded as an important component of APOA-I repair of the damaged epithelial 
barrier in disease states. However, 4F can regulate the glycolysis process and improve energy utilization efficiency.55 

When intestinal mucosal damage stimulates inflammatory injury, the immature vascular network leads to local tissue 
hypoxia, which further induces OS. At this time, energy metabolism changes from aerobic metabolism to anaerobic 
digestion. 4F governs the expression of fructose-2 kinase 6-phosphate/fructose-2,6-diphosphatase (PFKFB3), an activator 
of glycolysis.56 Therefore, APOA-I enhances glycolytic efficiency, enhances cell proliferation and migration activity, 
improves cell energy supply, and maintains normal epithelial function under disease conditions. There appear to be fewer 
SCFA-producing bacteria in the microbiota of IBD patients. Therefore, mice lacking bacteria in their gut have colonic 
cells that favor glycolysis over mitochondrial respiration, leading to dysfunctional proliferation.57
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APOA-I Promotes Angiogenesis and Improves Microcirculation
The Microcirculatory Disturbance is a Disease Characteristic of IBD
Microcirculation disorder is deemed to be another important part of the pathogenesis of IBD.58 Rupture of mucosal 
capillaries was observed early in the process of DSS-induced enteritis before the appearance of intestinal epithelial 
injury.59,60 Confocal microscopy revealed similar microcirculatory disturbances and extensive angiogenesis at sites of 
intestinal inflammation in IBD patients.61 However, these capillary networks that are driven by chronic inflammation are 
relatively immature and hypoperfused. This leads to local hypoxia and energy deficiency, which further cause a large 
number of inflammatory cells to accumulate and maintain the persistence of inflammation. Dietary fat also harms to 
intestinal mucosal vascular endothelial cells,62 which leads to dysplasia of the microvascular network during intestinal 
mucosal repair, and further promotes the chronic prolongation of the disease course.

Protective Effect of APOA-I on the Vascular Endothelium
Initially, APOA-I-mimicking peptide 4F was considered to promote migration and tubular formation in human umbilical 
vein endothelial cells (HUVECs) in a dose-dependent manner.50 Liu et al also showed that 4F ameliorated the impaired 
proliferation and migration of endothelial cells induced by OX-LDL and further confirmed that 4F upregulated the 
expression of heme oxygenase-1 (HO-1) through the Akt/MAPK/eNOS pathway.

Endothelial progenitor cells (EPCs) play an important role in the maintenance and repair of the vascular structure and 
are an important source of vascular endothelial cells.63 Peptide 4F could significantly enhance EPC proliferation, 
migration, and adhesion by stimulating NO production. Peptide 4F pretreatment can increase the expression and 
activation of eNOS and further induce the production of NO, indicating that 4F enhances the biological function of 
EPCs through the eNOS/NO pathway. Yang et al confirmed that 4F affected eNOS expression through PI3K/AKT.64 This 
indicates that APOA-I regulates EPCs in multiple ways. Another APOA-I mimicking peptide, 5F, promotes the 
differentiation of bone marrow multifunctional adult progenitor cells into endothelial cells by activating ERK1/2 
signaling.65 Thus, APOA-I-mimicking peptides can increase endothelial cell origin and promote endothelial cell 
proliferation, migration, and tubular formation, which are essential steps in angiogenesis.

APOA-I has been shown to partially reverse the vascular damage of a HFD. In a mouse model of carotid artery injury, 
4F promoted reendothelialization of the injured intima.66,67 Intramuscular injection of 4F into a mouse model of hindlimb 
ischemia can significantly increase the capillary density and promote blood flow recovery of the ischemic hindlimb 
muscle and functional recovery of the hindlimb.68 On the other hand, in hyperlipidemia, inflammatory HDL triggers an 
impaired VEGF pathway leading to angiogenic dysfunction. Inflammatory HDL is neither reduced in its ability to reverse 
cholesterol trafficking nor its role in anti-inflammatory and antioxidant stress.69 4F can promote the proliferation and 
reendothelialization of carotid endothelial cells treated with oxidized HDL but not in SR-B1 knockout mice, suggesting 
that 4F acts through the classical HDL receptor SR-B1.70 Therefore, 4F may play a protective role in endothelial cells by 
regulating the quantity and quality of HDL.

APOA-I and Gut Microbiota
There are trillions of microbes in the gut with multiple functions including metabolism, inflammation, and maintenance 
of intestinal barrier integrity.71 Changes in diet can directly alter intestinal microbial richness and composition.72 

Numerous studies have investigated changes in gut microbiota species caused by dietary fat.73 The results of these 
studies suggest that HFD can temporarily reduce microbes that promote the gut barrier, such as Lactobacillus and 
Bifidobacterium,74 while increasing microbes that are involved in lowering barrier integrity, such as Oscillibacter and 
Desulfovibrio.75 In one study, APOA-1 expression was positively correlated with the abundance of Proteus and 
Firmicutes. This may be related to intestinal barrier function, where these microorganisms act on the gut to stimulate 
the expression of enterocyte genes such as TJ proteins.76 At present, it is unclear how APOA-I specifically regulates the 
gut microbiome, and more studies are required to elucidate the mechanisms associated with APOA-I in gut-microbe 
interactions.
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Conclusion
The intestine is the first line of defense against food, toxins and antigens. The intact intestinal barrier includes the mucus 
layer, AJC, constant renewal of epithelial cells and the mucosal immune system, while the intestinal flora and nutrient 
supply are also involved in the intestinal defense mechanism. The barrier system can be disrupted by various harmful 
factors, especially dietary fats. The intake of dietary fat is inevitable in daily life. Therefore, it is necessary to investigate 
the mechanism of intestinal barrier damage induced by dietary fat and effective intervention methods. The study of the 
mechanism of dietary fat damage can increase our understanding of the intestinal barrier and requires us to explore new 
effective therapeutic approaches.

The emergence of APOA-I provides new ideas for future studies on intestinal barrier maintenance. It plays an 
important role in inflammation, immune response, intestinal flora and blood circulation. APOA-I appears to be involved 
in, and combats, any aspect of intestinal damage caused by dietary fat. APOA-I is no longer just a simple indicator of 
lipid metabolism. It is expected to become a new intestinal protective factor under the modern dietary pattern, or as one 
of the key clues in the study of the mechanism of intestinal injury disease. Increasing APOA-I production or applying 
APOA-I mimetic peptides seems to be a new alternative therapy to alleviate tissue inflammation and maintain intestinal 
barrier damage.
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