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A B S T R A C T   

Gut microbiota significantly influence the plasma and liver lipidome. An interconnecting metabolite is acetate 
generated after degradation and fermentation of dietary fiber by the gut microbiota, which is metabolized in the 
liver into longer chain fatty acids and complex lipids reaching the circulation. Whether these systemic changes 
are accompanied by alternations of the intestinal lipidome is unclear. Therefore, we quantified glycer-
ophospholipids, sphingolipids and sterols in ileum and colon, the two segments containing the highest densities 
of microbes in the gastrointestinal tract, of germfree and specific pathogen free mice using mass spectrometry- 
based lipidomics. We found that the presence of gut microbes lowers the free cholesterol content in colon while 
elevating phosphatidylcholine levels. Further, PUFA-containing phosphatidylcholine and -ethanolamine frac-
tions are increased in ileum and colon of germfree compared to SPF mice. A total fatty acid analysis by GC–MS 
revealed higher levels of arachidonic and docosahexaenoic acid in the ileum of germfree mice indicating that the 
gut microbiota inhibits PUFA metabolism in the small intestine.   

1. Introduction 

Interactions between gut microbiota and host lipid metabolic pro-
cesses are highly relevant for host physiology and pathophysiology. The 
gut microbiota processes food components and makes non-digestible 
food components available for further metabolism in the host. This in-
cludes the de-polymerization and fermentation of complex carbohy-
drates from dietary fiber to the short chain fatty acids (SCFA) acetate (FA 
2:0), propionate (FA 3:0) and butyrate (FA 4:0) in the gut lumen. Acetate 
is the predominant SCFA with levels of ~0.5 mmol/g in human feces and 
~0.05 mmol/g in mouse colon content (Liebisch et al., 2019). Changes 
in gut microbiota composition (e.g. by antibiotic treatment) or variation 
of dietary fiber intake significantly affect SCFA levels in mice and 
humans. After uptake by the intestinal epithelium, acetate reaches the 
liver via the portal vein with concentrations up to 1.0 mmolar in mice, 
rats and humans (Cummings et al., 1987; Jakobsdottir et al., 2013; Kindt 
et al., 2018). We have previously identified that acetate originating from 

gut microbial degradation of dietary fiber is a major precursor for syn-
thesis of long chain fatty acids (FA) in the liver (Kindt et al., 2018). It is 
metabolized to C16 and C18 fatty acids and integrated into phospho-
lipids that are released into the circulation. 

The diversity of the mammalian lipidome is enormous with various 
lipid classes (e.g. phosphatidylcholine (PC)) consisting of numerous 
lipid species (e.g. PC 34:1, PC 34:2, PC 36:1, etc.). Cellular lipidomes are 
cell type and tissue-specific, and adapted to cellular functions (Her-
mansson et al., 2011; Schweizer et al., 2019). Particularly membrane 
lipid composition is precisely controlled during cell growth and differ-
entiation (Ecker et al., 2010a), since it is crucial for its biophysical 
properties including lipid packing density and fluidity. Cholesterol for 
example reduces fluidity by intercalating between phospholipid chains 
due to its planar and rigid structure (Ernst et al., 2016). Glycer-
ophospholipids containing saturated acyl chains pack with higher den-
sity forming less-fluid bilayers, whereas poly-unsaturated fatty acyls 
such as docosahexaenoic acid (DHA) are very flexible and can switch 
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easily between different conformations, increasing membrane fluidity 
(Pinot et al., 2014). External perturbations of membrane biophysical 
properties including dietary lipid inputs are compensated by rapid acyl 
chain remodeling in phospholipids or adjustment of the cholesterol 
content (Levental et al., 2020). 

Since we recently found that the gut microbiota significantly alters 
hepatic and plasma fatty acid and glycerophospholipid composition of 
mice (Kindt et al., 2018), the aim of the present study was to investigate 
its effects on the intestinal lipidome. Therefore, we quantified glycer-
ophospholipids, sphingolipids and sterols in the small and large intestine 
of germfree and SPF mice using mass spectrometry-based lipidomics. We 
analyzed ileum and colon, because these two segments contain the 
highest amounts microbes in the gastrointestinal tract as the microbial 
density increases along the path from the stomach to the colon (Sekirov 
et al., 2010). Our results indicate that gut microbiota alter total PC and 
cholesterol contents in colon, as well as polyunsaturated fatty acid 
(PUFA) metabolism in the small intestine. 

2. Methods 

2.1. Mouse housing 

SPF and GF C57BL/6 N mice were housed at 22 ± 1 ◦C and 50–60 % 
relative humidity with a 12 h light–dark cycle, fed a chow diet (auto-
claved, V1534, Ssniff) ad libitum and sacrificed at 10 weeks of age. SPF 
mice were kept in individually ventilated cages, and GF mice were 
housed in open cages within flexible film isolators ventilated via HEPA- 
filtered air at the ZIEL Institute for Food & Health. 

Sterility of GF mice was routinely confirmed by culturing and 
microscopic observation of feces after Gram-staining and a 16S rRNA 
gene-targeted PCR of GF cecal content was performed at the end of the 
study. The breeding and experimental use of mice in the facilities at the 
Technische Universität München (School of Life Sciences Weihen-
stephan) was approved by the local institution in charge (Regierung von 
Oberbayern; approval number 55.2-1-54-2531-99-13 and 55.2-1-54- 
2532-17-2015; 55.2-1-54-2532-192-2016). 

Fig. 1. Lipid class composition of ileum and colon from GF and SPF mice. 
(A) Composition of all analyzed lipid classes, (B) GPL/FC, (C) PC/LPC, (D) PE/ PE P, in (I) ileum and (II) colon. Shown are means ± SD of n = 11–13 mice. Significant 
difference was tested as described in the methods section (*q<0.05, **q<0.01, ***q<0.001). 
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2.2. Ileum and colon sampling 

Sampling of intestines was performed on ice. For ileum samples, the 
distal 8 cm the small intestine was used, colon was sampled in whole. 
Both, ileum and colon were rinsed with 0.9 % NaCl solution to remove 
intestinal contents and subsequently snap-frozen in liquid nitrogen. 

2.3. Total fatty acid analysis 

FA analysis was performed as described previously (Ecker et al., 
2012). Briefly, fatty acid methyl esters (FAMEs) were generated by 
acetyl chloride and methanol treatment and extracted with hexane. 
Total FA analysis was carried out using a Shimadzu 2010 GC–MS system. 
FAMEs were separated on a BPX70 column (10 m length, 0.10 mm 
diameter, 0.20 μm film thickness) from SGE using helium as the carrier 
gas. The initial oven temperature was 50 ◦C and was programed to in-
crease at 40 ◦C/min to 155 ◦C, 6 ◦C/min to 210 ◦C, and finally 15 ◦C/min 
to 250 ◦C. The FA species and their positional and cis/trans isomers were 
characterized in scan mode and quantified by single ion monitoring, to 
detect specific fragments of saturated and unsaturated FAs (saturated, 
m/z 74; mono-unsaturated, m/z 55; di-unsaturated, m/z 67; 
poly-unsaturated, m/z 79). The internal standard was 
non-naturally-occurring C21:0 iso. 

2.4. Glycerophospholipid, sphingolipid and sterol analyses 

Lipids were quantified by electrospray ionization tandem mass 
spectrometry (ESI-MS/MS) in positive ion mode as described previously 
(Ecker et al., 2010b). In brief, samples were analyzed by direct flow 
injection using a HTS PAL autosampler, an Agilent 1100 binary pump, 
and triple quadrupole mass spectrometer (Quattro Ultima, Micromass). 

A precursor ion scan of m/z 184 specific for phosphocholine-containing 
lipids was used for PC (Liebisch et al., 2004). Neutral loss scans of 141 
and 185 were used for PE and PS, respectively. Sphingosine (d18:1) 
based ceramides were analyzed using m/z 264 (Liebisch et al., 1999). 
PE-based plasmalogens (PE P) were analyzed according to the principles 
described by Zemski-Berry (Zemski Berry and Murphy, 2004). Free 
cholesterol (FC) and cholesteryl ester (CE) were quantified using a 
fragment ion of m/z 369 after selective derivatization of FC using acetyl 
chloride (Liebisch et al., 2006). Correction of isotopic overlap of lipid 
species and data analysis by self-programmed Excel macros were per-
formed for all lipid classes. For all lipid classes, non-naturally occurring 
lipid species were used as internal standards. Quantification was per-
formed by standard addition calibration to tissue homogenates using a 
number of naturally occurring lipid species for each lipid class. 

2.5. RNA isolation and quantitative RT-PCR analysis 

Total RNA was extracted from total tissue using the RNEasy Mini Kit 
(Qiagen). The purity and integrity of the RNA were assessed using the 
Agilent 2100 Bioanalyzer (Agilent Technologies). For real-time PCR, 2 
μg RNA was transcribed into cDNA using the Reverse Transcription 
System from Promega. Real-time quantitative RT-PCR analysis was 
performed using the Light Cycler LC 480 (Roche). Relative quantifica-
tion was carried out using the LightCycler 480 SW 1.5.1 (Roche). 
GAPDH was used as a reference gene, relative mRNA expression values 
were calculated using delta delta threshold cycle (Ct) analysis (Lang-
mann et al., 2003). 

2.6. Statistical analyses 

Lipid class and species profiles were calculated from molar 

Fig. 2. Lipid species profiles of PC from ileum 
and colon of SPF mice. 
(A) PC Species composition, (B) saturation, as 
number of double bonds in the sum of FA 
moieties, in (I) ileum and (II) colon. Shown are 
means ± SD (n = 11–13) of PC and PC O species 
with fractions >1 %. PC O were annotated 
based on the assumption that only even acyl 
chains are present. Significant difference was 
tested as described in the methods section 
(*q<0.05, **q<0.01, ***q<0.001).   
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concentrations. Significant difference between GF and SPF condition 
was tested using a two-tailed two-sample t-test. Shown are Benjami-
ni–Hochberg-corrected p-values (* q<0.05, ** q<0.01, *** q<0.001). 

3. Results 

3.1. The gut microbiota alters total phosphatidylcholine and free 
cholesterol content of the large intestine 

To test whether gut microbiota affect the intestinal lipidome, we 
quantified cellular glycerophospho- (GPL), sphingolipids (SL) and ste-
rols using direct infusion electrospray ionization coupled to tandem 
mass spectrometry (ESI-MS/MS) in ileum and colon samples from 
germfree and SPF mice. Microbiota composition of SPF mice was 
described previously after high-throughput sequencing of V3-V4 
amplicons of 16S rRNA genes in cecal contents (Kindt et al., 2018). 

Our lipidomic analyses comprised: 

(I) GPL including phosphatidylcholine (PC), lysophosphatidylcho-
line (LPC), phosphatidylethanolamine (PE), PE-based plasmal-
ogens (PE P), phosphatidylinositol (PI), phosphatidylserine (PS)  

(II) SL including sphingomyelin (SM) and ceramide (Cer)  
(III) Sterols, free cholesterol (FC) and cholesteryl ester (CE) 

All analyzed lipids are predominantly part of membranes, expect for 
the storage lipid CE. PC (28–31 %) and FC (29–34 %) were the major 
lipid classes in ileum and colon (Fig. 1A). Sphingolipids represented only 
a minor fraction of intestinal lipids (2–3 % each). The lipid class 
composition of small and large intestine was comparable, except for 

their PE and PE P contents. Ileum contained ~4-fold more PE than PE P, 
while in colon both fractions were similar (Fig. 1D). 

Gut microbiota significantly affected the large intestinal lipidome. 
GF mice contained less PC, but higher proportions of FC leading to a 30 
% elevated GPL/FC ratio in mice harboring gut microbiota (Fig. 1A-B). 
Further, SPF mice contained elevated levels of LPC (colon) and ether- 
containing PE fraction leading to significantly altered PC/LPC and PE/ 
PE P ratios (Fig. 1C-D). 

3.2. Germfree mice contain elevated proportions of PUFA-containing PC 
and PE species in colon and ileum 

Next, we asked whether the species profiles of GPL, SL and sterols 
depend on gut microbiota. For both intestinal segments, the major PC 
species were mono-unsaturated and di-unsaturated PC 34–36 as well as 
tetra-unsaturated PC 36–38 (Fig. 2A-B, Figure SI 1A-B). However, colon 
contained elevated fractions of PC 34:1 compared to ileum. 

Importantly, we found a shift from shorter mono- and di- to longer 
tetra-unsaturated PC species in ileum and colon comparing SPF to GF 
mice (Fig. 2B). Proportions of PC 34:1 and PC 34:2 were higher in SPF 
mice, while GF mice contained elevated fractions of PC 36:4 and 38:4 
(Fig. 2A). Surprisingly, the LPC species profile was not altered (data not 
shown). 

PE acyl chains were generally longer and more unsaturated than PC 
(Fig. 3A-B, Figure SI 2A-B). The mono-unsaturated PE fraction (PE 34:1 
and 36:1) was higher in colon than in ileum. Similar to PC, we could 
detect slightly higher levels of PUFA-containing species in GF mice 
compared to SPF animals, i.e. PE 38:4 and 38:5, in the small and large 
intestine. We did neither observe significant differences for species 

Fig. 3. Lipid species profiles of PE from ileum and colon of SPF mice. 
(A) PE Species composition, (B) saturation, as number of double bonds in the sum of FA moieties, in (I) ileum and (II) colon. Shown are means ± SD (n = 11–13) of PE 
species with fractions >1 %. Significant difference was tested as described in the methods section (*q<0.05, **q<0.01, ***q<0.001). 
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profiles of the other analyzed GPL (LPC, PS, PG and PI), nor for the SL 
Cer and SM comparing GF with SPF mice (data not shown). Quantifi-
cation of CE revealed ~1.4-fold elevated mono- and di-unsaturated 
species in ileum compared to colon, and ~1.3-fold higher levels of CE 
20:4 in ileum of GF vs. SPF mice (data not shown). 

Together, these data show that the gut microbiota affects lipid spe-
cies of GPL in the small and large intestine. Mice harboring gut micro-
biota contain less PUFA-containing PC, PE and CE species in their ileum 
and colon. 

3.3. Gut microbiota inhibit PUFA metabolism in the small intestine 

To determine whether gut microbiota affects intestinal PUFA meta-
bolism, we finally quantified total FA profiles using GC–MS. Our analysis 
includes 44 FA species (Ecker et al., 2012), of which 12 were detected in 
our samples. While FA profiles were similar between ileum and colon, 
the microbiome had a significant effect on the degree of FA unsaturation 
in the small intestine (Fig. 4A and B). GF mice had elevated fractions of 
arachidonic (FA 20:4 n-6) and docosahexaenoic acid (FA 22:6 n-3), but 

lower levels of palmitic acid (FA 16:0), palmitoleic (FA 16:1) and oleic 
acid (FA 18:1 n-9) in ileum. The fraction of n-3 FA was elevated in GF 
mice ileum samples (Fig. 4C). These results suggest a higher PUFA 
metabolism in the absence of gut microbiota. 

This hypothesis is supported by the finding that GF mice show a 
higher mRNA expression of genes relevant for PUFA elongation and 
desaturation (Fig. 4D). The transcription of Fads1 and 2 and Elovl 5 are 
2.5–3.9- fold higher in the ileum of GF mice, but unchanged in colon. 
Elovl 2 expression was not detected in ileum and colon. 

Together, these data indicate that gut microbiota inhibit PUFA 
metabolism in the small intestine. 

4. Discussion 

The aim of the present study was to provide quantitative lipidomic 
data of small and large intestinal tissue from GF and SPF mice to 
investigate potential effects of gut microbiota on intestinal lipid meta-
bolism. Although the lipidome of plasma/serum, liver and adipose tissue 
has been reported for GF mice, to the best of our knowledge, the small 

Fig. 4. FA metabolism of ileum and colon of GF 
and SPF mice. 
(A) Total FA composition, (B) saturation, as 
sum of SAFA, MUFA and PUFA, (C) n-3/n-6 FA 
ratio, in (I) ileum and (II) colon. Shown are 
means ± SD of n = 11–13. (D) mRNA expres-
sion of PUFA elongase and desaturases. Shown 
are means ± SD of n = 5 per group, in (I) ileum 
and (II) colon. Significant difference was tested 
as described in the methods section (*q<0.05, 
**q<0.01, ***q<0.001).   
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and large intestinal lipidome is not yet available (Kindt et al., 2018; 
Velagapudi et al., 2010). 

Our analyses revealed less PC and elevated FC fractions in the colon 
of germfree mice. The GPL/FC cholesterol ratio was higher in mice 
harboring gut microbiota potentially increasing membrane fluidity in 
large intestinal enterocytes. In contrast, in ileum and colon, SPF mice 
showed less PUFA-containing GPL and higher amounts of PE P permit-
ting tighter membrane lipid packing (Koivuniemi, 2017). Thus, gut 
microbiota might have differential effects on biophysical membrane 
parameters in the small and large intestine. The presence of microbes 
might increase membrane fluidity in colon through modification of the 
PC and FC content, but decrease it in ileum by changing PUFA levels. 

We found that the absence of microbes increased FA 20:4 n-6 and 
FA22:6 n-3 in ileum. While arachidonic acid is a precursor of inflam-
matory eicosanoids, DHA is metabolized to very potent pro-resolving 
mediators including the resolvins (Buckley et al., 2014; Schmitz and 
Ecker, 2008). n-3 PUFA have been exploited in therapy of inflammatory 
bowel disease. Although their effects on clinical endpoints are still under 
debate, a negative association between fish consumption and the risk of 
Crohn’s disease and an inverse correlation between n-3 PUFA and ul-
cerative colitis was identified in a recent meta-analysis (Mozaffari et al., 
2020). Krill oil, rich in n-3 PUFA including DHA, attenuates intestinal 
damage in porcine and mouse colitis models and restores gut microbial 
dysbiosis (Liu et al., 2020). 

PUFAs are either taken up directly from the nutrition or metabolized 
from dietary fatty acids including linoleic acid (FA18:2 n-6) or alpha- 
linolenic acid (FA18:3 n-3) by fatty acid desaturases and elongases 
(Schmitz and Ecker, 2008). In our experiments, GF mice had lower 
expression of FADS1/2 and ELOVL5. Just recently, it was reported that 
changes in gut microbiota composition can be associated hepatic 
FADS1/2 and ELOVL 5 expression (Albouery et al., 2019). Large-scale, 
genome-wide association studies identified strong associations of SNPs 
in the region of the FADS gene cluster (FADS 1-2-3) with liver function, 
inflammation, cardiovascular disease and type 2 diabetes (Chambers 
et al., 2011; Dupuis et al., 2010; Lettre et al., 2011; Martinelli et al., 
2008). 

Because we recently showed that the gut microbiota promotes he-
patic de novo FA synthesis, we hypothesize that GF mice might 
compensate their lower synthesis capacity by a higher lipid uptake from 
the nutrition leading to higher PUFA levels in the ileum (Kindt et al., 
2018). Dietary long-chain FA (> 12 carbons) are absorbed in the upper 
parts of the small intestine, also by jejunal and ileal enterocytes (Glatz 
et al., 2010). In rats, it was shown that the ileum has the same capacity 
as the jejunum for uptake of PUFA (Saunders and Sillery, 1976). In 
humans, the jejunum seems to be the major site of fat absorption in case 
of moderate food intake. The ileum becomes more important in case of a 
higher intake of dietary fat (Booth et al., 1961). In Zebrafish as well as in 
mice that were fed a high fat diet, it was shown that gut microbiota 
rather stimulate than inhibit FA uptake (Martinez-Guryn et al., 2018; 
Semova et al., 2012). Another factor that may influence crosstalk be-
tween gut microbiota and host metabolism is diet. It has been shown 
that in absence of microbiota mice were resistant to diet induced obesity 
when a cholesterol-rich lard-based high-fat diet was fed, whereas on a 
cholesterol-free palm oil-based high-fat diet GF mice gain similar weight 
as SPF (Kubeck et al., 2016). Intestinal lipid transport could be also 
affected by microbiota derived-lipids which can represent about 25 % of 
all fecal lipids (Yasuda et al., 2020). However, a detailed study inves-
tigating the influence of gut microbiota on absorption of dietary lipids 
under physiological conditions in mammalians is not yet available. 

In summary, our study revealed significant differences of colon 
cholesterol and PC and altered PUFA metabolism comparing GF to SPF 
mice. Thus, gut microbiota might influence biophysical membrane 
properties and generation of inflammatory mediators from PUFA in 
enterocytes relevant for the progression of gastrointestinal diseases. 
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