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Abstract

Metabolites produced by commensal gut microbes impact host health through their recognition 

by the immune system and their influence on numerous metabolic pathways. Notably, the gut 

microbiota can both transform and synthesize lipids as well as breakdown dietary lipids to 

generate products with these modulatory properties. While lipids have largely been consigned 

to structural roles, particularly in cell membranes, recent research has led to an increased 

appreciation of their signaling activities with potential impacts on host health and physiology. This 

review focuses on studies that highlight the functions of bioactive lipids in mammalian physiology, 

with a special emphasis on immunity and metabolism.

Description of Review- In Brief

Synthesis, ingestion and absorption of lipids is essential for human life, and is a process mediated 

by the gut microbiome. Alterations in lipid signaling pathways are behind numerous diseases. 

Here, Brown and colleagues describe the recent literature on the lipids microbiome species can 

synthesize, and their function on host physiology.

Introduction

Members of the gut microbiome create an enormous number of small molecules both 

through de novo biosynthesis and modification of host and dietary substrates. These small 

molecules have a major impact on all aspects of mammalian physiology in health and 

disease1. Much of our understanding about how these microbial metabolites influence host 

physiology has centered on molecules that can be confidently annotated, which is a small 
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fraction of what can be detected in gut tissue and stool. In the absence of defined functions, 

the study of these small molecules has been organized by structural class. Lipids form an 

exclusionary class, defined largely by what they are not—not amino acids or peptides, not 

nucleic acid bases, DNA or RNA, not sugars, polysaccharides or complex carbohydrates. 

Lipids are what molecules are left over that are not soluble in water and encompass a 

bewildering variety of structures and functions. In this review, we will follow a conventional 

classification of lipids as alkyl chain-based fatty acids and their derivatives, with a focus on 

lipids that are found in the bacterial membrane bilayer. Other important microbial-derived 

lipids, including short-chain fatty acids and secondary metabolites of host bile acids, are 

found in stool but are not components of the bacterial outer membrane and not included in 

this review.

The role of lipid signaling in host-microbiome interactions has been understudied, but this 

inattention has been quickly dissipating over the past 5 years as chemical and lipidomic 

techniques have improved and our understanding of the functional importance of lipids in 

human health has increased2. Recent studies have shown that lipids biotransformed and 

biosynthesized de novo by the gut microbiome have important structural and signaling 

functions that impact host cells through both metabolic and immunological pathways3. 

Microbial-derived lipids can be directly sensed by the host to modulate innate and adaptive 

immune pathways and to regulate metabolic pathways, all of which can influence the 

progression of chronic inflammation, autoimmune diseases, cardiovascular disease and 

metabolic syndrome4. Additionally, changes in the lipid composition of host cell membranes 

induced by microbes can impact signaling pathways, as the optimal performance of 

membrane protein activity is a function of the surrounding lipid environment5. Microbiome 

species also play an important role in biotransformation, detoxification, and digestion of 

dietary lipids, and the resulting downstream products can affect local tissue and systemic 

immunity and metabolism in the host6.

Here, we review the recent literature in this area, which are collectively changing the way we 

think about how host and microbiome interact as an integrated community, a holobiont. Our 

focus is on bacterial-derived lipids in the gut microbiome, however it should be appreciated 

that commensal fungal species produce a wide variety of lipid metabolites that can interact 

with the host and principles reviewed here can be applied to fungi7. Moreover, although 

lipids have important functions in microbial physiology, membrane dynamics, and microbe-

microbe interactions, we focus on their impact on mammalian cells as well as human health 

and disease. We also address how lipid-mediated interactions can help explain the dramatic 

rise in inflammatory and autoimmune diseases seen in industrialized countries over the past 

50 years, where the microbiome plays a large role in pathogenesis8. Finally, we highlight 

outstanding questions in the field and further work needed to understand this fascinating and 

understudied area of biology.

1. Biosynthesis of lipids by the gut microbiome and their host interactions

Bacterial lipids have long been studied for their essential roles in maintaining the structural 

integrity of the membrane, facilitating energy generation through the electron transport 

chain, providing a suitable environment for outer membrane proteins, and protecting the 
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cell from exogenous insults. The lipid signature of each bacterial species is unique and 

reflects both the genetically encoded biosynthetic machinery and the lifestyle of the bacteria; 

however, the majority of what is known about gut bacterial lipid biosynthesis derives from 

work on one species, Escherichia coli 9. Notably, the lipid content of E. coli is 10% of 

the total dry weight of the cell; from a biomass perspective, much of the microbiome 

metabolic content comprises lipids. Interest in identifying lipids from gut microbiome 

species of different phyla aside from Proteobacteria—such as Bacteroidetes, Firmicutes, 

Verrucomicrobia, and Actinobacteria—as well as from commensal fungal species has been 

recently renewed, buoyed by new metagenomic and metabolomic techniques paired with 

advances in machine-learning for data analysis.

To date, our understanding of the major lipid classes found in bacterial membranes relies 

upon studies of a small number of model bacterial organisms. These major classes include 

phospholipids, such as phosphoethanolamine (PE), phosphoserine (PS), phosphocholine 

(PC), phosphoinositol (PI) and phosphoglycerol (PG); glycerolipids, such as diacylglycerol 

(DAG) and triacylglycerol (TAG); and cardiolipins (CL). There are also saccharolipids, 

such as lipopolysaccharides (LPS), which are large acylated lipid moieties (e.g. lipid A) 

with a variety of head groups (e.g. sugars) attached. Other lipid classes are characteristic 

of specific bacteria phyla or taxa. These include sphingolipids, which are synthesized 

mainly by commensal Bacteroidetes strains, such as sphinganines, dihydroceramide 

(DHCer), ceramide phosphoethanolamine (CerPE), ceramide phosphoinositol (CerPI), 

alpha-galactosylceramide (alpha-GC) and deoxysphingolipids10,11,12. A subset anaerobic 

gut microbiome species synthesize plasmalogens; however, these are not restricted to 

a particular taxonomic group but produced by various members of Bacteroidetes and 

Firmicutes13. Sulfonolipids have been identified in some gut bacteria as well, including 

Bacteroides, Alistipes and Flavobacterium strains14. Each lipid class has a unique 

architecture, thus confering different structural features and functions to the bacterial 

membrane. Many are also signaling molecules that can be sensed by host pattern-recognition 

receptors, such as toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin 

receptors (CLRs), and G-protein coupled receptors (GPCRs)15. An overview of lipid 

classification and nomenclature can be found elsewhere16.

While bacterial and host lipid compositions are similar—for example, both use PE and 

PG in their membranes—there are subtle differences in their biosynthesis and in their 

recognition by innate immune receptors. The acyl chains of bacterial lipids can be odd- or 

even-numbered17, whereas those of mammalian lipids are even-numbered. Bacterial lipids 

have iso-branching at the tails of the acyl chains, which affects host receptor binding 

capacity and affinity18 and regulates sensing by the innate immune system19. Many bacterial 

lipids harbor a more diverse range of acyl chain carbon bonding saturations or desaturations 

than mammalian lipids, and numerous bacterial lipids have 3 or more acyl chains. The 

mammalian innate immune system likely evolved to be able to sense these unique and 

diverse biochemical features at a complexity that is only beginning to be unraveled20. The 

B and T cell arm of the immune system also has evolved to recognize bacterial lipids from 

the microbiome, as natural IgA can be specific for lipids and many subsets of T cells contain 

T-cell receptors (TCRs) which can recognize bacterial lipids bound by CD1 proteins21.
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The diversity of lipids able to be synthesized by bacteria is enormous22. We have only begun 

to appreciate this diversity in the gut microbiome, as a large majority of lipids detected in the 

stool by metabolomic techniques remain unannotated and have unknown function23. Large 

efforts are underway to generate lipidomic profiles of cultured microbiome strains and piece 

together lipid classes from previous structural data combined with mass spectrometry. Many 

of these efforts center around host lipid annotations but recently have begun to address the 

unknowns in the bacterial community lipidome24,25,26,27. In the following sections, we will 

discuss the major lipid classes found in the gut microbiome and provide examples of their 

roles in host signaling (Figure 1).

Phospholipids

Bacterial phospholipids are highly diverse and the most abundant lipids recovered from 

the cell membranes of well-studied bacteria. Their biosynthetic pathways have largely been 

resolved in the model organism E. coli 28. PE is the predominant membrane phospholipid 

known to be widely synthesized by gut bacteria. Despite this, little is known about 

how PE or other phospholipids from commensals interact with the host. Screening of 

microbiome metabolites on host cells have not uncovered a wide variety of phospholipids 

capable of stimulating cellular responses. For example, large GPCR screens have failed 

to recognize microbiome phospholipids as agonists to orphan or known receptors29,30,31. 

A recent study, however, leveraged a bioactivity-guided fractionation approach to screen 

for immunoregulatory molecules produced by the common gut bacteria Akkermansia 
muciniphila and identified a diacyl phosphatidylethanolamine with two branched chains 

(a15:0-i15:0 PE) that activates a pattern recognition receptor (PRR) heterodimer consisting 

of TLR2-TLR132. This interaction had unique signaling properties compared to common 

TLR2 agonists, including dampening of the pro-inflammatory IL-12/IL-23 response in 

human monocytes, that hinted at molecular mechanisms underlying the known effects of 

Akkermansia on human physiology32.

Bacteria can tightly control the biochemical and biophysical properties of their membrane 

phospholipids, allowing them to thrive in a wide range of environments28. This includes 

altering acyl-chain length, iso-branching, modifying degree of unsaturation, and diversifying 

head groups (most commonly adding ethanolamine, glycerol, inositol, or choline to generate 

PE, PG, PI, or PC, respectively). How such modifications in response to environmental 

pressures in the gut may impact signaling capability to the host immune system is unknown. 

Data collected on eukaryotic lipids suggest that iso-branching can dictate binding strength 

to protein receptors33. Studies in pathogens suggest that oxidation, iso-branching, and 

saturation of microbial lipids can influence recognition by host receptors34.

Phospholipid levels in host cells are altered in germ-free mice compared to conventional 

mice35, suggesting that the gut microbiome influences properties of mammalian membranes 

as well. Changes in membrane phospholipid chemistry can result in increased intestinal 

permeability, allowing for bacterial dissemination in the host that has many pathological 

consequences36. Future studies are needed to address a potential role for microbiome-

synthesized phospholipids in intestinal barrier function. In the meantime, we can draw some 

conclusions from work on pathogens that bacterial phospholipids would modulate immunity. 
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Mycobacterium tuberculosis and Listeria phospholipids, generally PGs, are recognized by 

natural killer (NK) T cells37, through binding to the nonclassical MHC molecule CD1d 

that presents lipid antigens. Whether commensal phospholipids have similar roles in CD1 

signaling or presentation to T cells is unknown, as is the biochemical determinants of CD1 

loading of microbe versus host phospholipids.

Recent work determined that gut bacteria can synthesize PIs, a capability previously 

attributed only to fungi10,38. Given the role for PI in interactions between bacteria and plant 

innate immunity as well as inositol signaling in autophagy, it is reasonable to hypothesize 

that there is a host-specific role for these lipids. A small component of the eukaryotic 

membrane, inositol signaling has a large effect on many important biological signaling 

pathways related to bacterial sensing, including GPCR signaling39. Whether host enzymes 

can break down and incorporate PIs into tissue metabolic pathways is still unknown.

Saccharolipids

Saccharolipids are a type of bacterial glycolipid in which fatty acids are covalently linked 

to a sugar backbone, positioning the acyl chains in a geometrically defined fashion. These 

structures can be hosted in membrane bilayers and are ubiquitous in Gram-negative bacteria, 

with the best characterized being LPS40. Saccharolipids are not produced by eukaryotes 

and thus are recognized by the innate immune system as MAMPs (microbe-associated 

molecular patterns). In a classical view, bacterial LPS activate the PRR TLR4 on host 

cells to initiate pro-inflammatory responses. Activation, however, depends on the acyl chain 

structure of the lipid A component41, and recent work revealed altered lipid A structures in 

different bacteria compared to the intensely studied E. coli LPS42. This diversity originates 

in the variable biosynthetic machinery used to synthesize the lipid A portion of LPS and 

impacts how the host is able to sense the metabolite43. LPS isolated from microbiome 

strains of Bacteroides can signal both through TLR2 and TLR4, and does not stimulate 

as potent an inflammatory response due to its altered lipid A acyl chains44. Inhibition and 

immunosuppression by Prevotella and Bacteroides LPS has also been reported45. These 

structural differences can impact early-life systemic immune priming, immune development, 

and trained immunity46,47.

Saccharolipids, including LPS, can also signal through CLRs on mammalian cells. Lectin-

receptor signaling has important roles in regulating gut barrier function and initiating 

anti-fungal or anti-bacterial immunity. Signaling through many CLRs also regulates the 

inflammasome, mediating the release of IL-1 family cytokines and alarmins19,48. There is at 

present no evidence for saccharolipids in the microbiome other than LPS analogs. Further 

structural analysis of different LPS from microbiome strains is warranted, as well as a 

detailed look at C-type lectin engagement by lipidated sugars.

Sphingolipids

Sphingolipids can be synthesized de novo by both prokaryotes and eukaryotes in related 

pathways, suggesting convergent evolution. In eukaryotes, the presence of membrane 

sphingolipids is ubiquitous, while only a small number of bacterial taxa have the enzymatic 

ability to make them. Bacteroidetes of the mammalian gut microbiome are unique in 
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their capability to synthesize sphingolipids de novo using serine-palmitoyltransferase 

(spt) to catalyze the committed step of forming 3-ketosphinganine from serine and an 

acyl-ACP thioester. Sphingolipid-deficient Bacteroides species are viable but display a 

growth defect, altered membrane structure, and increased susceptible to oxidative stress49. 

Lipidomic studies on spt-null Bacteroides strains have uncovered hundreds of putative 

spt-dependent sphingolipid metabolites, many of which remain unannotated10,50. The 

most common that have been characterized are sphinganine, DHCer, CerPE, CerPI, 

alpha-GC, and serine dipeptide sphingolipids10,11,12. CerPI is one of the most abundant 

sphingolipids in Bacteroides, with an important role conferring bacterial fitness in the gut38. 

Mammalian receptor signaling functions, however, have not been elucidated for these lipids. 

Recent efforts have begun to elucidate the biosynthetic pathways required to synthesize 

sphingolipids, including annotation of the keto-sphinganine synthase51, dihydroceramide 

synthase52, and ceramide phosphoinositol synthase38. CerPI has also been detected in 

Bacteroides outer membrane vesicles (OMVs), as well as other phosphoinositol based 

sphingolipids53. The spt enzyme is also capable of incorporating glycine or alanine to 

synthesize glycine-based sphingolipids or deoxysphingolipids, respectively, with impact 

on host signaling yet to be discovered10,54. Bacteroides do make an analogue of 1-

deoxysphinganine, which is known to alter inflammasome signaling by inhibiting ceramide 

synthase55.

Studies of how Bacteroidetes sphingolipids from the microbiome could interact with the 

host began with the observation that members of the phylum produce a lipid analogous to 

alpha-GC from Sphingomonas species, a previously known CD1 binding lipid. Two early 

reports first identified that a B. fragilis-derived alpha-GC binds to mouse CD1d and the 

TCR on natural killer (NK) T cells56,57. A recent report described the biochemical structure 

required for efficient alpha-GC-CD1d binding and functional consequence of alpha-GC 

recognition by the TCR58. When injected into mice, these sphingolipids induced an anti-

inflammatory effect and decreased the number of colonic natural killer (NK) T cells58. 

Whether alpha-GC is the only sphingolipid capable of engaging CD1d receptors is a key 

question to address given the importance of CD1d-restricted, lipid-specific immune cells in 

various inflammatory diseases.

Further evidence that microbiome sphingolipids impact host inflammatory and metabolic 

pathways was provided when colonization of germ-free mice with sphingolipid-deficient 

bacteria resulted in gut inflammation and changes in host ceramide pools10. Bacteroides 
sphingolipids interact with the innate immune system, where presence of sphingolipids in 

the outer membrane of Bacteroides favors a tolerant immune response10. Additional studies 

in Bacteroidetes showed that sphingolipids in OMVs act as agonists for TLR2 signaling in 

macrophages and are important in limiting inflammatory signaling59.

In humans, stool sphingolipids from the host are the most significantly increased metabolite 

class in patients with inflammatory bowel disease (IBD), while microbiome sphingolipids 

are significantly decreased10. These data suggest a direct connection between host and 

microbial sphingolipids, which was confirmed in a recent study showing that Bacteroides 
sphinganine can be imported by host epithelial cells and enter sphingolipid metabolic 

pathways, altering the host sphingolipidome and liver function12. The gut-liver connection 
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related to sphingolipid signaling was further assessed, and the presence of microbiome 

sphingolipids was sufficient to reverse fatty liver disease in mice. This correlated with 

trafficking of a serine dipeptide DHCer sphingolipid to the liver54. Thus, microbiome 

sphingolipids not only exert local effects but also systemic effects by trafficking to 

extra-intestinal organs and altering host sphingolipid signaling. The combination of co-

evolutionary links, disease associations, and direct biochemical crosstalk between host and 

microbiome sphingolipids makes for a fascinating area of exploration for future studies.

These studies and others have also highlighted the huge diversity of sphingolipids able to be 

synthesized by Bacteroidetes, including CerPI which was shown one of the most common 

and abundant sphingolipids in Bacteroides and is important for bacterial fitness in the gut38, 

and sphinganine-1-phosphate which similar to host sphingosine-1 phosphate60. However, 

a mammalian receptor signaling function was not elucidated for either of these lipids. 

Mammalian sphingolipid signaling is necessary for many inflammatory and cell survival 

pathways, playing important roles in numerous metabolic and inflammatory diseases61, 

as well as providing essential signals for cell trafficking, neuronal function in the brain 

and lipid raft protein function62. Even small changes in host sphingolipid pools can have 

large effects on host physiology and the downstream impact of microbiome sphingolipid 

integration in these pathways and their bioactivity is still largely underexplored63. The 

combination of disease associations, co-evolutionary links and direct biochemical crosstalk 

between host and microbiome sphingolipids makes it a fascinating area of exploration for 

future studies.

Sulfonolipids

Sulfonolipids are structurally related to phosphorylated sphingolipids (essentially 

sulfur analogues of phosphoceramides) and generally have been found in members 

of the Bacteroidetes phylum such as Alistipes, Odoribacter, Flavobacterium, and 

Chryseobacterium. Although sulfonolipids have been known for decades to be 

biosynthesized in a manner similar to Bacteroidetes sphingolipids, a recent study discovered 

the first enzymatic step in their synthesis: the cysteate acyl-acyl carrier protein transferase 

sulA64. Relatively little is known about their function. In Flavobacteria species, sulfonolipids 

enable the bacteria to perform gliding motility65.

The main sulfonolipid that has been characterized is sulfobacin, and its only known 

interaction with the host is binding to von Willebrand factor receptors66. There is 

also evidence that sulfobacin is a TLR4 agonist that binds to MD-2 (unpublished), 

which physically associates with and potentiates TLR4 signaling, and sulfonolipids 

from Chryseobacterium were shown to have strong pro-inflammatory effects on murine 

macrophages14. Sulfonolipids with a glycan head group were also found to be pro-

inflammatory in human dendritic cells67. Dietary intake in mice has a strong effect on 

sulfonolipid synthesis by Alistipes, with high-fat diet fed mice displaying a significantly 

increased abundance of gut sulfobacin68. In humans, Alistipes is the most common human 

gut microbiome species known to produce sulfonolipids and is significantly depleted in 

the stool of patients with IBD69, although it is generally not considered an opportunistic 

pathogen or pro-inflammatory species. A bacterially produced sulfonolipid had previously 
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been identified as the molecular signal for a unicellular eukaryote to form a structured 

colony70.

Cardiolipins and Plasmalogens

Cardiolipins and plasmalogens are additional examples of lipid classes that can 

be synthesized de novo by both prokaryotes and eukaryotes in related pathways, 

again suggesting convergent evolution. Cardiolipins are lipid dimers consisting of two 

phosphatidyl groups bridged by a glycerol. Host cardiolipins are signature lipids found 

only in the inner membrane of mitochondria, which is interesting from an evolutionary 

perspective given their hypothesized role as an endosymbiont fusion of bacteria and 

eukaryote9. As critical lipids for many physiological roles of mitochondria such as energetic 

ATP production and mitochondrial protein functions71, dysregulation of cardiolipins is 

implicated in numerous diseases including aging, metabolic syndrome, heart failure, and 

cancer72. Host cardiolipins can also regulate immunity and cell death pathways, as exposure 

to the immune system activates the NLRP3 inflammasome73 and caspases74, and engages 

CD1 molecules to be presented to NKT cells75, likely as a way of sensing mitochondrial 

damage.

In bacteria, cardiolipins seem to play a role in stabilizing membranes, as deficiency in 

cardiolipin synthase renders bacteria more vulnerable to osmotic stress and it accumulates 

at the poles in bacterial membranes76. Which microbiome strains contain cardiolipins is 

generally unknown, although they have been reported to be enriched in Streptococcus 
species and E. coli 77. Little is known about bacterial cardiolipin signaling in host immunity. 

One study examining LPS signaling antagonists in the microbiome discovered cardiolipins 

as major metabolites able to reduce LPS binding to CD14 and MD-2 in the TLR4 signaling 

pathway78,79. Another study discovered a lipid molecule from Acinetobacter baumannii 
thought to be a cardiolipin that induced inflammation and cell death in mammalian cells 

through a TLR2-mediated pathway80. Future studies assessing how cardiolipins derived 

from the microbiome might regulate, alter, or mimic host cardiolipin pathways will be 

important.

Plasmalogens are glycerophospholipids that contain a vinyl ether bond instead of an 

ester bond. Plasmalogens have many important functions, including protecting cells from 

oxidative stress, and are found at the highest concentrations in neuronal and cardiovascular 

cell membranes81. While the full extent of their function in humans is unknown, defects 

in plasmalogen synthesis and abundance underlies many neurological diseases including 

Alzheimer’s82. Plasmalogens are also important mediators of reactive oxygen species and 

thus are thought to play a role in triggering or resolving chronic inflammation83.

A subset of bacteria from the gut microbiome are capable of synthesizing plasmalogens84. 

Recently, the enzymes responsible for plasmalogen synthesis were discovered in 

Clostridium, and homologues of these biosynthetic enzymes map to many different gut 

microbiome species13. Whether these microbial plasmalogens enter host metabolic pathways 

and impact human disease remains to be addressed by future studies.
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2. Biotransformation of dietary lipids by the microbiome

Ingestion of dietary lipids is essential to human life. From birth to an early age, the human 

diet consists of breast milk, which is composed of ~55% lipids based on caloric content85. 

The saturation level and lipid species in breast milk triglycerides is an important variable 

in the healthy development of infants86. Older children and adults typically consume a 

diet with fewer calories from fat, dropping to an average of 32% of calories based on 

the most recent data in the United States87. Most lipids are capable of being synthesized 

by eukaryotic cells themselves, thus providing a secondary source aside from diet. The 

exceptions are omega-3 and omega-6 fatty acids, for which mammals do not encode the 

enzymes required for de novo synthesis and their precursors must derive from the diet88. 

In general, dietary lipids provide many health benefits to organs and cells in the body, in 

cell regeneration, protein signaling, energy balance, membrane stability, and homeostatic 

maintenance of metabolic pathways89.

The gut microbiome exists along the entirety of the mammalian GI tract and encounters all 

dietary lipids ingested. Enzymes within the gut microbiome thus act like a second liver to 

break down, transform, and detoxify dietary components, which can result in both beneficial 

and detrimental impacts on host health. As liver enzymes function to breakdown dietary 

and exogenous lipids, microbiome enzymes play a similar role in the gut, however most 

of the functional by-products of gut microbial enzymes, however, remain unknown. It is 

clear from metabolomic studies comparing stool from germ-free and conventional mice that 

lipid profiles, absorption, and abundances are dramatically altered by the presence of a 

microbiome. Below we discuss how major lipid classes ingested by humans are metabolized 

and bio-transformed by the gut microbiome and the downstream impact on host immune and 

metabolic pathways (Figure 2). As our diets contain a wide variety of lipids, this is by no 

means an exhaustive list of all physiologically important dietary lipids.

Sphingolipids

From an early age, humans are exposed to exogenous sphingolipids in the diet through 

breast milk, followed by consumption of dairy, meat, eggs, and many plant species90. 

Common classes of sphingolipids ingested include ceramides, sphingomyelins, cerebrosides, 

and gangliosides. There are no dietary guidelines for sphingolipids; nonetheless, complex 

sphingolipids are hydrolyzed and absorbed throughout the gastrointestinal tract, where 

they serve important roles regulating cellular growth, differentiation, immunity, and 

metabolism91. Sphingolipids are also important for brain function and nerve growth92, 

although the exact impact of or requirement for dietary sphingolipids is unknown89. 

Gangliosides, which play an essential role in brain cell signaling, are only found in animal 

fat as plants lack the enzymes to synthesize these lipids93.

In the microbiome, Bacteroidetes strains not only synthesize sphingolipids but also bio-

transform dietary sphingolipids through the uptake of simple sphingoid-bases from the 

diet94. They also possess many glycan-degradation enzymes that can break down ingested 

gangliosides95. These include sialidases, which can break down sialic acid-containing 

metabolites (e.g. gangliosides) and release free sialic acid that aids in immunity and 

prevention of infection96,97. Surprisingly, Bifidobacterium strains, which do not encode 
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the enzyme necessary for sphingolipid synthesis, can import and utilize sphingolipids 

to generate DHCer94. Early-life metagenomic cohorts revealed that Bifidobacterium also 

encode enzymes predicted to break down complex sphingolipids98. Studies so far are 

limited, however, one can surmise there are direct connections between the enzymatic 

activity of the microbiome and circulating sphingolipid species. At a local level in the 

gut, increased ingestion of complex sphingolipids has been shown to improve barrier 

function and reduce bacterial toxin exposure99, processes which can be influenced by known 

enzymatic functions of the microbiome.

The impact of dietary sphingolipid processing on mammalian biology is just starting to be 

uncovered. These interactions are of particular importance in the case of breast milk, where 

sphingolipids are enriched. Sphingolipid biosynthesis pathways are generally upregulated 

in the early-life microbiome, and this upregulation is a predictor of health100. Ingestion of 

breast milk versus infant formula—with the former having a more evolutionary consistent 

sphingolipid content—has a large downstream impact on growth and development101,102,103. 

Bacteroidetes and Bifidobacterium are highly abundant early-life microbiome strains, and 

their abilities to influence sphingolipid metabolism could impact human development. 

A recent study discovered a strong link between the presence of gut Bacteroides in 

the infant gut and enhanced neurodevelopment, as assessed by the Bayley Scale of 

Infant Development104. As the gut microbiota-brain axis is becoming a more accepted 

paradigm105, the roles of dietary and gut-derived sphingolipids in brain development should 

be explored further.

Cholesterol

Cholesterol is an essential building block of steroid hormones and cellular membranes 

in eukaryotic cells, and mammals are capable of synthesizing cholesterol without the 

requirement of dietary cholesterol. Signaling by and regulation of these sterol lipids can 

influence many immune and metabolic pathways important for human health and disease106.

Circulating cholesterol is utilized as an important biomarker of human health107, and the 

amount of free cholesterol available for absorption in the gut can influence circulating 

cholesterol levels108. The idea that gut microbiome metabolism of cholesterol impacts 

serum cholesterol levels was proposed almost 100 years ago109,110, yet relatively few 

studies investigated this connection until a recent report definitively confirmed this 

phenomenon in the human microbiome111. This study discovered the microbial enzyme 

IsmA in a previously uncultured Firmicute species of the gut microbiome that catalyzes 

the conversion of cholesterol to cholestenone and ultimately coprostanol111. Moreover, 

the activity and presence of this enzyme in humans impacts their total serum cholesterol 

levels111. The impact of this enzyme is clinically relevant, given that it affects serum 

cholesterol concentrations with an odds ratio equivalent to ezetimibe, an FDA-approved 

small molecule inhibitor of the intestinal cholesterol transporter and clinically-validated 

approach to lowering blood cholesterol112.

Biotransformation of dietary cholesterol by gut microbiome strains has recently been shown 

to be more prevalent than previously thought. Numerous commensal microbes, including 

Bacteroides, are capable of sulfonating cholesterol113,114. The Bacteroides gene cluster 
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that harbors the sulfotransferase enzyme impacts serum cholesterol levels in mice, adding 

another variable to the ability of dietary cholesterol to be absorbed into the circulation113. 

This gene cluster can also sulfate steroid hormones such as vitamin D3 analogues, isoallo-

lithocholic acid, coprostanol, and other dietary sterols such as ß-sitosterol114. In IBD and 

gut inflammation, the gene cluster is significantly deceased, which is of interest given the 

immune functions recently attributed to sterol signaling in T cells115.

Cholesterol-metabolizing microbial enzymes are not distributed equally among human 

populations; thus, some variability in cholesterol, cholesterol derivatives, and blood lipid 

panels may be explained by the subject’s gut metagenome. Although sulfated sterol 

derivatives such as secondary bile acids have been associated with healthy aging116, 

the biological functions of coprostanol and sulfated cholesterol metabolites from the 

microbiome are not yet fully elucidated and represent an exciting avenue for future 

investigation. As there are hundreds of possible modifications that could be added to sterol-

backbones, one can imagine many other cholesterol-derivatives capable of being synthesized 

by the microbiome utilizing dietary cholesterol. Circulating triglycerides combined with 

HDL and LDL levels are commonly utilized as indicators of metabolic health. However, 

to what extent circulating cholesterol directly impacts the development of cardiovascular 

disease, compared to other pathological mechanisms, is controversial, as correlations are 

weak. Future studies are warranted to assess these pathways in therapeutic interventions, 

potentially as combination therapies.

Polyunsaturated fatty acids

Humans are capable of synthesizing all the fatty acids needed except linoleic and alpha-

linolenic acids88, which must be derived from diet. These are the precursors to omega-6 

and omega-3 polyunsaturated fatty acids (PUFAs), respectively. The downstream metabolic 

products of both omega-6 and omega-3 PUFAs are essential for membrane components 

and important for regulating inflammation117. Omega-3 fatty acids have anti-inflammatory 

effects118,119, while omega-6 fatty acids are pro-inflammatory. Each, however, can be 

oxidized easily and contribute to general oxidative stress through lipid peroxidation120. 

The blood omega-6:omega-3 ratio is an important marker for cardiovascular health, and a 

high omega-6 reading can be a sign of metabolic syndrome121. Omega-6 fatty acid intake 

can increase insulin resistance, a common mechanism underlying metabolic syndrome122. 

Evidence supports the importance of maintaining a balanced ratio of omega-6:omega-3 

fatty acid intake to protect against metabolic syndrome, cardiovascular disease, and cancer. 

Consumption of omega-3 and omega-6 fatty acids is unbalanced in the Western diet121,123, 

with more than 10-times the amount of omega-6 fatty acids than more ancestral diets free 

of processed food124. The linoleic acid content of human adipose tissue and breast milk 

has been steadily increasing over the past 100 years125,126, which can negatively impact 

childhood development127.

Enzymes from the gut microbiome can bio-transform these lipids before they enter host 

metabolic pathways and thus modulate effects on host lipid metabolism. Bifidobacterium 
and Lactobacillus species contain CLA-HY, an enzyme that converts linoleic acid to 

conjugated linoleic acid and then to a molecule that can bind GPR40 and GPR120 to 
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produce an anti-inflammatory signal and limit the amount of linoleic acid converted to 

downstream products128. CLA enzymes are common amoung human microbiomes and may 

contribute to variability in susceptibility to metabolic syndrome and obesity128. Dietary 

PUFAs can also be saturated by common gut microbial enzymes, limiting the number of 

double bonds and oxidative potential129.

Functionally different microbiome communities have been shown to alter the inflammatory 

potential of dietary PUFAs130. One study found that high concentrations of omega-6 in the 

gut can kill bacteria commonly associated with health and promote the growth of bacteria 

with inflammatory disease associations such as Proteobacteria131. Further, common PUFA 

metabolites differ significantly in the gut microbiomes from patients with IBD69, and their 

ingestion from ultra-high processed foods increases IBD risk132. Another study discovered 

that increased ingestion of linoleic acid in soybean oil alters the balance of liver sphingolipid 

metabolites, and the presence of a gut microbiome impacted which liver sphingolipids 

changed as well as their saturation levels133.

Numerous evidence exists that increased ingestion of omega-3 fatty acids in the diet can 

have an inflammation resolving and anti-inflammatory effect134. Ingestion of fish oil and 

food sources high in omega-3 has been shown to improve systemic inflammation for 

humans with inflammatory conditions such as arthritis by randomized, double blinded 

studies135. Dietary omega-3 fatty acids can alter microbiome composition in humans and 

mice, and this has been shown to have positive, anti-inflammatory effects on the host136. A 

possible mechanism by which omega-3 PUFA might beneficially impact host metabolism 

is through the production of conjugated fatty acids by the gut microbiome. Conjugated 

isomers of alpha-linolenic acid have reported anti-inflammatory, anti-carcinogenic and anti-

obesogenic properties137. In vitro studies have shown that Bifidobacterium, Lactobacillus 
and Propionibacteria strains are capable of bio-transforming the omega-3 fatty acid alpha-

linolenic acid into conjugated linolenic acid isomers138,139,140. Furthermore, conjugated 

linoleic acid isomers and non-conjugated metabolites are increased in the colonic contents 

of conventional mice compared to germ-free mice, indicating that the gut microbiome 

contributes to omega-3 fatty acid metabolism in vivo129. Short-term feeding of mice with 

alpha-linolenic acid metabolites derived from the gut microbiome affects intestinal immune 

homeostasis141. More work is needed to confirm the contribution of the gut microbiome to 

these metabolites and their beneficial effects in humans.

Ultimately, uptake and metabolism of PUFAs depends not only on dietary intake but also 

on which microbes exist in the gut. Modulation of dietary PUFAs by gut microbiome 

enzymes could be an important factor in susceptible to inflammatory diseases, metabolic 

syndrome and cardiovascular disease. This is an understudied area; there are likely many 

other examples of microbial modification of PUFAs into bioactive metabolites that could 

influence human health.

Saturated and monounsaturated fats

Triglycerides and phospholipids in plant and animal fats consumed by mammals are 

commonly categorized based on the saturation level of the acyl chain; this imparts important 

biochemical properties including redox potential and ability to enter inflammatory pathways. 
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Saturated fatty acids such as stearic and palmitic acids (with 18-and 16-carbon backbones, 

respectively) are the most abundant in the mammalian diet. Once thought to be harmful and 

contribute to cardiovascular disease, the most recent data on saturated fatty acids do not 

support this87. The most ingested monounsaturated fatty acid is the omega-9 fatty acid oleic 

acid, which is generally accepted to be neutral or beneficial to human health. Research on 

gut microbiome strains or enzymes capable of bio-transforming or metabolizing saturated or 

monounsaturated fats is limited. One study showed stearic and oleic acids could selectively 

alter the growth of certain bacterial strains in vitro131. Mouse work with controlled diets 

has shown that the saturation level of the dietary fatty acid content can have large effects 

on mitochondria function, gut permeability, gut motility, and gut microbiome composition, 

with oxylipin PUFAs from soybean oil resulting in increased obesity142. The saturation level 

of fatty acids in the membranes of cells and mitochondria impacts cellular function and 

homeostasis6,124. Given these effects, it will be important to understand the full impact of 

gut microbial strains on dietary saturated and monounsaturated fatty acids as well as on 

interactions with host pathways, as it is clear they play a role in personalized responses to 

diet and inflammatory triggers6.

3. Host-microbiome lipid metabolism and inflammation

Chronic inflammation underlies numerous diseases that plague Westernized societies, 

including metabolic syndrome and autoimmunity. The quantity, balance, and types of lipids 

humans consume has been dramatically altered in the past 50–100 years in comparison to 

the hundreds of thousands of years of human history124. As our genes are slow at adapting 

to this rapid change, there becomes an even greater reliance on the metagenomic component 

within commensal microbes to evolve to dietary shifts. It is well accepted that alterations 

in the amount and types of dietary fat can result in increased systemic inflammation. As 

a further consequence, lipids directly synthesized by the mammalian microbiome can be 

potent stimulators of mucosal and systemic immunity, and this initiation of inflammation 

can feed back into altered lipid absorption and metabolism.

The vast majority of lipids are absorbed in the small intestine, a region of the gut where 

microbial-derived lipids come in direct contact with the immune system143. In intestinal 

epithelial cells, there exists a trade-off between expending energy towards immunity versus 

metabolism, with the adaptive IgA response preventing microbial-derived lipids from over 

stimulating the innate immune system, which would inhibit lipid absorption144. Lipid 

absorption can also promote microbiome-mediated gut inflammation through accumulation 

of pro-inflammatory dietary lipids in epithelial cells, a process facilitated by scavenger 

receptor CD36 and regulated by T cell signaling145,146. In T cells, lipid profile and 

metabolism maintains regulatory cells and the propensity to express a Th17 program115. 

Sterol derivatives from the microbiome have been shown to directly impact these pathways, 

influencing the T cell balance that is disrupted in gut inflammation147. Finally, early-

life exposure to dietary and microbial-derived lipids is crucial to priming, training and 

development of the mammalian immune system, with implications for disease susceptibility 

later in life148.
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Overall, interactions between i) dietary lipid profiles, ii) microbiome enzymatic functions, 

and iii) host genetics account for major variations in susceptibility to chronic inflammation 

induced by changes in lipid metabolism (Figure 3). Of these three variables, lipid 

products generated by microbiome enzymes and their impact on systemic inflammation 

and circulating lipid signaling are the least characterized. Many studies connected genes 

and genetic polymorphisms to specific diseases and circulating lipid profiles in humans; 

however, much less is known about the variation in microbiome enzymatic functions 

between individuals that drives clinical outcomes. We are beginning to understand that 

microbial-derived lipids and their impact on lipid metabolism have a systemic role in 

host biological functions across many organs. Deep metabolomic profiling on the serum 

of healthy humans has uncovered thousands of unknown metabolites of bacterial origin, 

many predicted to be lipids25. Another recent study discovered that microbiome signatures 

in the gut were as important as diet or host genetics in determining the circulating lipid 

profile in healthy humans149. Each of these lipidome profiles is unique to an individual 

over time, and changes could either initiate or resolve inflammation. For example, by-

products of linoleic and arachidonic acid metabolism (eicosanoids and resolvins) can have 

a profound impact on either the initiation or resolution of inflammation in mammals, and 

microbiome enzymes in the gut can control their circulation134. Polymorphisms in FADS1 

and FADS2, fatty acid desaturase genes linked to increased risk for many inflammatory 

diseases, also control circulating eicosanoid levels150; thus, the combination of microbiome 

and host genetics must be taken into consideration for risk of inflammation driven 

by dysregulated lipid metabolism. In many cases, the impact of environmental factors 

outweighs host genetic susceptibility in the initiation of chronic inflammatory conditions 

such as IBD or rheumatologic diseases151. Experimental gut inflammation can be triggered 

by excessive intake of simple carbohydrates, PUFAs, and food additives common in 

a Western diet124,151, which could account for the large variation in outcomes. Paired 

metagenomic and metabolomic studies of the human microbiome combined with human 

genetics are beginning to tease apart these complex connections. Such cohorts exist for IBD, 

where lipid metabolism pathways are of high importance in the risk for inflammation152.

Aside from in the gut, microbiome lipid metabolism may impact chronic inflammation in 

the brain, potentially resulting in many neurodegenerative diseases. The brain is composed 

primarily of lipids, and whether microbiome lipid metabolism influences brain lipid 

chemistry is unknown. Approaching neurological disorders like Parkinson’s disease as 

conditions that begin in the gut is an idea taking hold within the field153. A holistic 

study of brain inflammation that includes examining gut microbial-derived lipids may 

yield interesting bioactive metabolites important in regulating brain function. The brain 

is rich in sphingolipids and plasmalogens, both known to be produced in the gut by 

microbes. NKT cells serve important roles in maintaining immune tolerance in the brain 

by responding to the lipid antigenic environment. Germ-free mice display many neurological 

traits, including lower anxiety and behavioral changes154, many of which can be induced 

upon gut colonization with different microbes. Future studies should systematically assess 

which microbial-derived lipids impact the gut-brain axis.
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4. Future directions in microbiome lipid research

The role of the gut microbiome role in lipid metabolism, both consumption and production, 

is emerging as a major determinant of human health and disease. Future efforts should 

expand the modest inroads we have made linking the diverse array of lipids to biological 

functions and apply our understandings to human diseases. Microbiome enzymes that 

influence health can either be inhibited or introduced depending on the context, and subjects 

can be screened using metabolomic and genetic analyses to link metabolic signatures to 

microbiome population distributions on an individual basis. We can use these data for 

more informed analyses of prevention, diagnosis, and treatment. More generally, we should 

incorporate the knowledge that many of the lipids circulating in our bodies are of microbial 

origin, and our responses to them contribute greatly to clinical outcomes.

These endeavors require two systematic efforts. The first is large-scale annotation of 

microbiome metabolites. Expanding the tiny fraction of observed metabolomic features that 

can currently be annotated will require a large effort to purify microbiome metabolites to be 

run as standards for mass spectrometry. Studies using tandem mass spectrometry analysis to 

fingerprint microbiome metabolites and generate shared databases will be of great use to the 

field25,155. Computational and machine learning approaches may provide a more scalable 

method of lipid identification, as the retention times and masses of lipids can be better 

predicted from putative, theoretical structures than from other more complex metabolites.

The second major effort is linking lipids to microbes and host-microbe interactions. To this 

end, we need a more complete catalog of lipidomic profiles from cultured, tissue-associated 

microbes that correlate with health and disease. Further, genetic manipulation of microbial 

enzymes mediating lipid metabolism will be important. To date, genetic tools to manipulate 

strains and delete genes have only been developed for a small number of gut bacteria, 

limiting hypothesis testing about which enzymes are required for lipid synthesis and what 

their function on host biology could be. To expand our knowledge of microbiome lipid-

host interactions we require gene deletion capabilities in more important taxa for human 

health such as Akkermansia, Bifidobacteria, Lachnospiraceae and Clostridiales strains. Flow 

cytometry-based methods that can screen for the capability of bacterial communities to 

interact with particular lipids based on click-chemistry may also help deconvolute which 

bacterial enzymes are capable of bio-transforming or synthesizing lipids. Pairing these 

tools with multi’omic human cohort studies and germ-free mouse experiments can better 

illuminate the roles of microbial-derived lipids in host physiology.

In the host, a number of orphan receptors (such as G protein-coupled receptors, or 

GPCRs) expressed by immune and epithelial cells in the gut may interact with yet-

unknown microbial-derived lipids30. Moreover, many more microbial membrane lipids are 

likely recognized by CD1d than the one Bacteroides sphingolipid described. Uncovering 

new lipid-receptor interactions will require large, unbiased screening efforts of purified 

microbiome lipids.

OMVs are the major delivery system for microbiome small molecules to host cells156. In 

what form microbiome lipids are sensed and delivered to host eukaryotic cells requires 
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further study. To that end, we need a better understanding of the lipidome of OMVs 

secreted by the microbiome. With a better understanding of OMV-mediated lipid secretion 

and delivery, we can begin to understand which microbiome lipids are delivered and 

sensed by the host. How microbial-derived lipids delivered by OMVs could be integrated 

into host lipid pathways or stably exist in extraintestinal organs such as the brain or 

liver should be assessed. It is tempting to speculate OMVs are capable of delivering 

lipids systemically throughout the body, with evidence showing this could result in many 

immunomodulatory properties including resistance to viruses157. Overall, as more key 

functions of the microbiome are being recognized, the unique lipid fingerprints of microbes 

colonizing the human gut should be considered in studies assessing health and disease.
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Figure 1: Membrane lipids biosynthesized by the gut microbiome and their known host signaling 
functions.
An overview of the diversity of membrane lipids known to be biosynthesized by the gut 

microbiome, which includes sphingolipids, saccharolipids, plasmalogens, cardiolipins, sterol 

lipids, phospholipids, sulfonolipids, and prenol lipids. Representative structures of each lipid 

are shown in the inner ring (beige) and putative host functions for each lipids are in the outer 

ring (blue). Functions with little experimental evidence are shown in a faded blue color in 

the outer ring.
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Figure 2: Biotransformation of dietary lipids by microbiome enzymes
Examples of dietary lipids substrates utilized by gut bacteria and enzymatically converted. 

These are examples where the enzyme class, species and resulting biotransformed product 

are known and many more are likely to exist. The host signaling function of the 

microbiome-transformed lipid product is listed, with references given throughout the 

manuscript text for each example.
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Figure 3: The function of gut microbiome enzymes responding to dietary lipids are a key 
step to explain the variation in risk for metabolic syndrome and autoimmunity across human 
populations.
Metabolic syndrome and autoimmunity are diseases of more recent occurrence, and are 

seen at much higher levels in human populations eating an industrialized and processed 

food rich diet. This is compared to an ancestral diet which was common among hunter 

gatherer populations most of human history. Ingestion of dietary lipids are essential for 

human health and have a large role in all aspects of mammalian biology, and this lipid 

profiling we ingest has rapidly been changing through industrialization. As the incidence of 

these disease rise dramatically, it is clear there is variation from human to human on their 

risk profile for developing systemic inflammation and metabolic dysfunction. This variation 

in susceptibility for disease is multifactorial and can be explained by 3 main variables as 

summarized here in this figure; 1) Variation in diet consumed, 2) Variation in metagenomic 

output by the microbiome and 3) variation in activity and function of metabolism genes 

from each individual’s genome. Ultimately the outcome of these 3 variables results in; 4) the 

variation of risk for metabolic syndrome and autoimmunity. The percentage of each of these 

variables contributing risk is unknown. Human genetic risk explains some variance, however 

there is a large environmental component to risk of these conditions. The connection 

between dietary lipid input, and metagenomic output of the microbiome interacting with 

genetics are crucial, understudied variances in risk for onset of metabolic syndrome and 

autoimmunity. Systematic inflammation, once initiated, can influence every variable in 

the process, including what humans crave (e.g. leptin signaling), inflammation-induced 

ecological shift in microbiome function and epigenetic changes in host gene expression (e.g. 

stress related), as visually shown here by the arrows.
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