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Dynamic interactions between gut microbiota and a host’s innate and adaptive immune systems play key roles in

maintaining intestinal homeostasis and inhibiting inflammation. The gut microbiota metabolizes proteins and complex

carbohydrates, synthesize vitamins, and produce an enormous number of metabolic products that can mediate cross-talk

between gut epithelial and immune cells. As a defense mechanism, gut epithelial cells produce a mucosal barrier to

segregate microbiota from host immune cells and reduce intestinal permeability. An impaired interaction between gut

microbiota and the mucosal immune system can lead to an increased abundance of potentially pathogenic gram-negative

bacteria and their associated metabolic changes, disrupting the epithelial barrier and increasing susceptibility to infections.

Gut dysbiosis, or negative alterations in gut microbial composition, can also dysregulate immune responses, causing

inflammation, oxidative stress, and insulin resistance. Over time, chronic dysbiosis and the translocation of bacteria and

their metabolic products across the mucosal barrier may increase prevalence of type 2 diabetes, cardiovascular disease,

inflammatory bowel disease, autoimmune disease, and a variety of cancers. 
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1. Gut microbial dysbiosis and the host immune dysregulation. 

 

The mucosal barrier secreted by gut epithelial cells acts as a defense mechanism, segregating microbes from host

immune cells and reducing intestinal permeability. Disrupting the epithelial barrier increases susceptibility to infection and

the displacement of microbial metabolites into the host. Gut dysbiosis, or negative alterations in the gut microbial

composition, not only reduces the integrity of the mucosal barrier, but also dysregulates immune responses, causing

inflammation, oxidative stress, and insulin resistance. Over time, chronic gut dysbiosis and the passage of bacteria and

their metabolic products through the mucosal barrier can increase the prevalence of a variety of diseases. 



1.1. Gut Microbiota and Chronic Low-grade Inflammation on Type 2 Diabetes (T2DM) and CVD

A number of studies provide evidence supporting associations between gut dysbiosis, T2DM (non-insulin-dependent), and

CVD . One cause of T2DM is reduced insulin function in the liver, skeletal muscle, and adipose tissue . Insulin is

a hormone that acts as a key mediator regulating glucose homeostasis and lipid metabolism. Insulin has varied functions,

including regulating gene expression, stimulating metabolite uptake into cells, altering enzymatic activity, and maintaining

energy homeostasis. Insulin also enhanced glucose uptake by promoting relocation of the principal glucose transporter

(GLUT4) to the cell membrane in skeletal muscle and other tissues . In skeletal muscle, GLUT4 functions in insulin-

dependent glucose disposal . As a result, poor insulin signaling leads to impaired glucose disposal in skeletal muscle,

markedly seen in T2DM patients. Although the precise cause of resistance to insulin in skeletal muscle remains elusive,

increased intramyocellular lipid content and free fatty acid (FFA) metabolites play an essential role . Increased

circulating FFAs decreased the sensitivity of skeletal muscle to insulin via increased levels of fatty acyl-CoA, ceramide,

and other intracellular lipid products . These lipid metabolites activated the serine/threonine kinase protein kinase C-

θ (PKC-θ), inhibiting downstream insulin signaling. The inhibition of insulin signaling in the liver induced the activity of

important gluconeogenic enzymes, resulting in insulin resistance and increased hepatic glucose production . Reduced

activity in hormone sensitive lipase and the anti-lipolytic effect inhibited FFA efflux from adipocytes by adipose tissue

insulin signaling. Disruption of these processes occurred in both insulin resistance and deficiency, and elevating fasting

and postprandial glucose and lipid levels, major causes of T2DM and CVD .

A well-known gut microbiota related pathway is trimethylamine–N-oxide (TMAO) metabolism. Dietary phospholipids

(lecithin, choline, and carnitine) are anaerobically metabolized by bacteria, yielding the products ethanolamine and

trimethyl amine (TMA). Gut microbial TMA lyases cleave the C-N bond of dietary phospholipids, producing TMA as a

waste product. These nutrients are all substrates of gut bacteria and are metabolized to form the products TMA/TMAO.

Conversion of TMA to TMAO proceeds through an oxidation pathway moderated by host hepatic enzymes, including flavin

monooxygenases (FMOs), to which TMA is exposed via portal circulation, forming TMAO. Elevated TMAO has been

correlated with incidence of CVD and increased danger of myocardial infarction (MI), stroke, revascularization, and

oxidation, and has also been used to predict major negative cardiac outcomes over a three-year period . While

increased circulating levels of betaine, choline, and carnitine have been correlated with future risk of negative cardiac

outcome, their prognostic value was limited without a similar elevation in TMAO levels. Wang et al. (2011) 

demonstrated an increased risk of atherosclerosis associated with plasma choline, TMAO, and betaine levels in mice and

humans. Further studies show TMAO levels are associated with abundances of the genera Prevotella and Bacteroides,

and applied dietary TMAO supplementation promoted decreased total cholesterol absorption in mouse models .

Numerous studies support the association between chronic low-grade inflammation, T2DM, and CVD . Insulin

resistance often results in compensatory hyperinsulinemia, one cause of metabolic disruptions commonly seen in

metabolic syndrome, a precursor to CVD . Moreover, low-grade inflammation is related to the presence of excessive

visceral fat, and can lead to insulin resistance, greater macrophage infiltration, and the subsequent manufacture of pro-

inflammatory adipokines. This chronic low-grade inflammation via the suppression of the insulin-signaling pathway in

peripheral tissues was associated with T2DM and the development of CVD . The excess of inflammatory factors such

as TNF-α, IL-6, and IL-1 are associated with reduced insulin action, and help modulate interactions linking the immune

system and insulin signaling.

The gut dysbiosis associated with T2DM has been well-documented, including decreased populations of butyrate-

producing bacteria and increased resistance to oxidative stresses characteristic of opportunistic pathogens . SCFAs

increased anti-inflammatory responses in the host body, however, T2DM patients have shown significantly fewer SCFA-

producing bacteria and significantly increased LPS levels . LPS leakage into the body from gram-negative microbes

is a contributing factor for low-grade inflammation, inducing the release of proinflammatory molecules. Systemic

inflammation was strongly correlated with high levels of triglycerides and decreased serum HDL, increased blood

pressure, and increased fasting glucose , molecules that increased intestinal epithelial inflammation and

translocation through the gut barrier. LPS receptors were found to be critical mediators that potentially activate underlying

insulin resistance. In pancreatic islets, TLR4 increased proinflammatory cytokine levels, limiting macrophage and beta-cell

viability and reducing their functionality . Moreover, the activation of TLR4 was directly related to lower mRNA levels of

pancreas-duodenum homeobox-1 (PDX-1), lower insulin mRNA and protein levels, and reduced insulin-induced glucose

secretion. Also, LPS upregulated nuclear factor-κB (NF-κB) levels and initiated mitogen-activated protein kinase (MAPK)-

mediated signaling in lipocytes. The anti-inflammatory effects of SCFAs likely arise from a balance, reducing the levels of

proinflammatory mediators and promoting anti-inflammatory cytokine production. Butyrate and propionate not only

reduced the levels of proinflammatory cytokines IL-6 and TNF-α in human adipose tissue, but also stimulated the

secretion of the anti-inflammatory cytokine IL-10 by monocytes interactions with bacteria. SCFAs decreased low-grade
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inflammation through their ability to modulate both leukocytes and adipocytes, decreasing inflammatory cytokine and

chemokine levels . Other studies have demonstrated that SCFAs ameliorated the LPS-induced neutrophil release of

TNF-α. Accordingly, SCFAs significantly reduce expression of several inflammation associated cytokines and chemokines

in adipocytes, decreasing the risk of T2DM and CVD.

Another important function of SCFAs in T2DM is binding GPCRs, triggering various downstream effects. SCFAs stimulate

healthy glucose tolerance through the release of gut-derived incretin hormones such as Glucagon-like peptide-1 (GLP-1).

This hormone is primarily synthesized by intestinal L-cells and released into circulation during meal ingestion. GLP-1

stimulates weight loss by reducing glucagon secretion and hepatic gluconeogenesis, while increasing insulin response,

improving satiety. The utility of GLP-1 for treatment purposes has been noted, as several therapeutic agents enhancing

GLP-1 are available and successfully used to monitor blood glucose levels in patients with T2D, as well as providing

improved body weight management in obese patients. Intravenous GLP-1 is efficient in promoting insulin release and

decreasing hyperglycemia in T2DM patients. Furthermore, GLP-1 mimetics and a dipeptidyl peptidase-4 inhibitor are

commonly used therapeutic approaches in clinics . In particular, injectable GLP-1 mimetics are associated with

decreased concentrations of fasting and postprandial glucose, decreased hemoglobin A1c (HbA1c), and significant weight

loss.

Among SCFAs, propionate and acetate strongly stimulated GLP-1 release, while butyrate provided a weaker stimulation

. However, improved GLP-1 synthesis and secretion has been noted in the human L-cell line treated with butyrate.

Further, the improvements noted after administration of the prebiotic showed the association with increased secretion of

GLP-1, reduced insulin resistance, and decreased body weight gain . Mechanisms by which GLP-1 secretion is

improved after SCFA treatment are still a matter of debate. The limited response of GLP-1 to SCFA treatment in the

GLUTag cell line coincides with low levels of GPR43 . Extended exposure to a high-fat diet generated lower levels of

insulin in GPR43 knockout mice, as opposed to wild-type controls [108]. Conversely, GPR41 may mediate the molecular

interactions between butyrate and human L-cells, as increases in butyrate induced GLP-1 expression were correlated with

high levels of GPR41. Additionally, the increased GLP-1 secretion stimulated by butyrate was weakened in GPR41

knockout mice . SCFAs are associated with regulation of insulin levels via GLP-1 expression, and result in

improvement of metabolic functions in T2DM. The regulation of blood glucose concentrations exerted by SCFAs occur

through multiple mechanisms, including reduced insulin resistance from decreased inflammation, the secretion of GLP-1

and subsequent insulin release, and increased beta-cell activity promoting glucose homeostasis.

1.2. Gut Microbiota and Inflammatory Bowel Disease (IBD)

Ulcerative colitis (UC) and Crohn’s disease (CD) are chronic conditions of the GI tract characterized by increased levels of

inflammation resulting from impaired interactions between microbiota in the gut and the intestinal immune cells. These

complex inflammatory bowel diseases (IBDs) result from a combination of negative environmental stimuli, gut dysbiosis,

and host genetics. Major shifts in gut microbial composition, including increases in facultative anaerobic pathogens and

decreases in obligate anaerobic producers of SCFAs commonly occur in IBD patients . IBD is characterized by a

breakdown in interactions between the resident microbial population and host immune responses. While no single

pathogenic species has been etiologically linked to IBD, changes to microbial abundances in the dysbiotic gut play critical

roles in the persistent inflammation found observed .

The association of gut microbiota in IBD onset and progression has been demonstrated in both murine models and IBD

patients. Initial studies performed by Rutgeerts (1991)  and D’Haens (1998)  demonstrated the influence of gut

microbes in IBD using clinical experiments that showed fecal stream diversion ameliorated the symptoms of CD, and that

inflammation resulted when luminal microbiota were subsequently transferred to the terminal ileum. In CD patients,

increased gut permeability promotes bacterial translocation through the intestinal mucosa. In healthy individuals, the gut

barrier consists of a layer of tightly connected epithelial cells surrounded by a system of tight junction strands from the

claudin protein family. In mild to moderate CD, gut barrier dysfunctions resulted mostly from the increased levels of

claudin 2, while the expression and redistribution of claudins 5 and 8 was decreased, leading to discontinuous tight

junctions . In IBD patients, gut dysbiosis occurs due to a combination of colonization by enteric pathogens and host

inflammatory responses. Pathogens can use inflammation to translocate across the intestinal mucosal barrier, subverting

host inflammatory responses. Salmonella typhimurium, for example, induced inflammation responses that altered the

composition of the gut microbiota and promoted its own growth in mouse models . Another pathogen,
Campylobacter jejuni, is a common bacterial pathogen in humans. In dextran sulfate sodium (DSS)-induced colitis mouse

models, non-inflammatory infection with Campylobacter jejuni decreased the total number of colonic bacteria, but DSS-

induced inflammation encouraged overgrowth of Enterobacteriaceae, with both conditions required for maximal gut

dysbiosis . Harnessing microbiota to influence host immunity is a meaningful treatment strategy for patients with

IBD.
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Notably, numerous studies have identified changes in bacteria associated with CD, particularly reduced abundances of

the phylum Firmicutes and increases in Proteobacteria [114,120]. Specifically, Clostridium clusters IV and XIV have been

observed in decreased amounts in IBD patients in contrast to non-IBD controls, revealing that their absence may diminish

the gut of anti-inflammatory immunomodulatory ligands and metabolites. Both UC and CD gut microbiota show reduced

taxonomic diversity in comparison to healthy controls, along with increased abundance in the phyla Proteobacteria, and

decreased abundance of the phyla Firmicutes. The quantity of bacteria from the Clostridia family are also commonly

altered, with decreases in Roseburia and Faecalibacterium and increases in Ruminococcus and the Enterobacteriaceae
family observed in IBD patients . Together, these findings suggest that IBD is ultimately linked to inflammation that

may be largely associated with microbially derived or modified metabolites.

Mutations of the NOD2 gene increase susceptibility to CD. PRRs, including TLRs, NOD-like receptors (NLRs), and others,

recognize pathogen-associated molecular patterns found in microbial pathogens, a critical step in the innate immune

response. IBD genetic association studies have discovered functionally relevant polymorphisms in several innate immune

genes. Of those identified, mutations in the receptor NOD2 conferred the most risk. NOD2 is an intracellular sensor,

detecting microbial pathogens and helping maintain epithelial defense, detecting peptidoglycans through the recognition

of muramyl dipeptide . NOD2 activates nuclear factor NF-kB, an inhibitory protein and intracellular receptor that binds

portions of microbial pathogens. After binding with intracellular muramyl dipeptide (MDP), NOD2 recruits the adaptor

protein RIP2, activating NF-κB and initiating a pro-inflammatory response. One of the first genes associated with

susceptibility to CD was NOD2, and NOD2 loss of function mutations frequently occur in IBD patients. In one study,

NOD2-/- mice exhibited a large decrease in the number of intestinal intraepithelial lymphocytes (IELs), and the remaining

IELs showed increased apoptosis and little proliferation. NOD2 signaling recognized gut bacteria and stimulated IL-15

production, maintaining IEL abundances and providing a clue linking NOD2 variation to increased incidence of CD and

reduced innate immunity .

1.3. Gut Microbiota and Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus (SLE) is a prototypic autoimmune disease that exhibits increased levels of autoantibodies

and reduced tolerance to self-antigens, mirroring dysregulation in both the innate and adaptive immune systems. While

the pathogenesis is not fully understood, a combination of gut microbiota, host genetics, and environmental factors

contribute to SLE . The associated loss of immune tolerance can be stimulated by altered gut microbial composition,

with both experimental and clinical models providing evidence of the strong relationship between gut dysbiosis and SLE

.

Gut microbiota can stimulate an immune response targeting the host for any of several reasons. In normal cell apoptotic

conditions, the host immune system does not involve the release of nuclear antigens. In SLE, however, external stimuli

such as bacterial infection, toxins, or ultraviolet (UV) light induce DNA damage and keratinocyte apoptosis. The resulting

prolonged autoantigen exposure increased stimulation of host immune cell responses, inducing T-cell activation via

suppression of Treg cells in a type I interferon (IFN)-dependent manner . The type I IFN pathway is stimulated by

nucleic acid containing cell fragments through recognition by nucleic acid recognition receptors TLR7 or TLR9 . Type

I IFNs and other cytokines encourage the development and survival of B-cells, inducing the B-cell hyperactivity

characteristic of SLE. B-cells create autoantibodies that target self-antigens with high-affinity, causing inflammation and

tissue damage. Autoantibodies and immune complexes (ICs) mitigate the inflammatory damage by stimulating

complement cascades and interacting with Fc receptors on inflammatory cells. Fc receptors are a heterogeneous

collection of hematopoietic cell surface glycoproteins used by immune system effector cells to increase antibody–antigen

interactions. These receptors are involved in a host of immune outcomes including phagocytosis, cytotoxicity,

inflammatory chemokine and cytokine levels, B-cell activity, and IC clearance. The expression and function of the Fc

region in IgG (FcγR) are altered in SLE. FcγR stimulates the manufacture of autoantibodies, resulting in inflammation and

IC handling, contributing to the onset and progression of SLE. Altered or delayed removal of ICs containing autoantibodies

lead to their accumulation in various tissues, causing inflammation and cellular damage by engaging FcγRs and

complement cascades .

An increased abundance of follicular Th cells and deficiencies in Treg cells have also been associated with SLE

pathogenesis. Scalapino et al. (2006)  demonstrated with adoptive transfer experiments that Treg cells hindered

disease advancement and increased the life span of lupus-prone mice. CD4+ Treg cells preserve auto-tolerance by

inhibiting autoreactive immune cells, leading to the hypothesis that Treg cell defects contribute to the onset and severity of

SLE. Proinflammatory cytokines were secreted by activated T-cells, which induced B-cell secretion of autoantibodies,

pushing both innate and adaptive immune responses closer to autoimmunity . In germ-free murine models, T-cell

compositions in the gut were affected, displaying reduced responses of Th17 and Treg in the small intestine and colonic

lamina propria, respectively . Gut microbiota has been associated with the altered composition of Th17 and Treg
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cells in SLE patients . In patients with SLE, the gut microbial composition was significantly enriched in several genera,

including Klebsiella, Rhodococcus, Eggerthella, Eubacterium, Prevotella, and Flavonifractor. In contrast, the abundances

of Dialister and Pseudobutyrivibrio and the Firmicutes/Bacteroidetes ratio have been suppressed in SLE patients . It

remains unclear whether the observed changes in commensal bacteria are a consequence of the disease process or if

gut dysbiosis contributes to SLE onset. However, manipulation of gut microbiota in murine models with the antibiotic

treatment provided further evidence of gut microbiota influences on systemic immune homeostasis . 

Furthermore, studies showed significant reductions of Lactobacillaceae and increased abundances of Lachnospiraceae in

female lupus-prone mice . Lactobacillus, a genus in the Lactobacillaceae family, is a common resident microbiota in

human GI tracts. Some Lactobacillus species are marketed as probiotics due to their anti-inflammatory properties, and the

decreased abundance of Lactobacillus spp. was most pronounced prior to disease onset. Lactobacillus treatment

decreases IL-6 and increases IL-10 production, creating an anti-inflammatory environment in the epithelium. In circulation,

Lactobacillus supplementation promoted IL-10 and reduced levels of IgG2a, a significant immune repository in MRL/lpr

mice. Thus, Lactobacillus may have a preventive influence in lupus pathogenesis . However, Lactobacillus played a

divergent part in alternative lupus murine studies, where the abundance of Lactobacillus spp. correlated strongly with

systemic autoimmunity and negatively with renal function in NZB/W F1 mice . Consideration of the gut microbiota in

murine models and human clinical cases of lupus have offered novel insights on the role of bacteria in SLE onset and

progression.

Opposing correlations were reported between pro-and anti-inflammatory free fatty acids (FFAs) and endothelial markers in

lupus patients, supporting the connection linking gut microbiota and host metabolism in the etiology of SLE [140]. The

altered production of SCFAs stemming from intestinal dysbiosis highlights the role of the gut in maintaining serum FFA

levels, further pointing to SCFAs as one potential mechanism for cross-talk linking the host metabolism and gut microbiota

. Additionally, five perturbed metabolic pathways were identified in feces of SLE patients, including the metabolism of

tryptophan, nitrogen, thiamine, and cyanoamino acids, as well as aminoacyl-tRNA biosynthesis . The aforementioned

metabolites can potentially be used as biomarkers for SLE, as long as the effects of potential cofounders, such as

smoking, diet, medication, and co-morbidities are considered . Given the role of metabolites in autoimmune diseases,

one proposed therapeutic strategy is to promote the differentiation of CD4+ T-cells into Treg cells while avoiding

differentiation into Th1 and Th17 cells by inducing the fermentation of SCFAs by gut bacteria. The active proliferation of

SCFA-producing gut microbes have been stimulated using appropriate types of dietary fiber , prebiotics such as fructo-

oligosaccharides , or probiotics , though direct oral supplementation with SCFAs may be problematic as they are

metabolized early in the intestinal tract .
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