
HAL Id: hal-03754015
https://normandie-univ.hal.science/hal-03754015

Submitted on 19 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Fatty acids produced by the gut microbiota dampen
host inflammatory responses by modulating intestinal

SUMOylation
Chaima Ezzine, Léa Loison, Nadine Montbrion, Christine Bôle-Feysot, Pierre

Déchelotte, Moïse Coëffier, David Ribet

To cite this version:
Chaima Ezzine, Léa Loison, Nadine Montbrion, Christine Bôle-Feysot, Pierre Déchelotte, et al.. Fatty
acids produced by the gut microbiota dampen host inflammatory responses by modulating intestinal
SUMOylation. Gut microbes, 2022, 14 (1), �10.1080/19490976.2022.2108280�. �hal-03754015�

https://normandie-univ.hal.science/hal-03754015
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


RESEARCH PAPER

Fatty acids produced by the gut microbiota dampen host inflammatory responses 
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ABSTRACT
The gut microbiota produces a wide variety of metabolites, which interact with intestinal cells and 
contribute to host physiology. The effect of gut commensal bacteria on host protein SUMOylation, 
an essential ubiquitin-like modification involved in various intestinal functions, remains, however, 
unknown. Here, we show that short chain fatty acids (SCFAs) and branched chain fatty acids (BCFAs) 
produced by the gut microbiota increase protein SUMOylation in intestinal cells in a pH-dependent 
manner. We demonstrate that these metabolites inactivate intestinal deSUMOylases and promote 
the hyperSUMOylation of nuclear matrix-associated proteins. We further show that BCFAs inhibit 
the NF-κB pathway, decrease pro-inflammatory cytokine expression, and promote intestinal epithe
lial integrity. Together, our results reveal that fatty acids produced by gut commensal bacteria 
regulate intestinal physiology by modulating SUMOylation and illustrate a new mechanism of 
dampening of host inflammatory responses triggered by the gut microbiota.

ARTICLE HISTORY 
Received 10 February 2022  
Revised 11 July 2022  
Accepted 27 July 2022 

KEYWORDS 
Gut microbiota; Microbiota; 
Short Chain Fatty Acids 
(SCFAs); Branched Chain 
Fatty Acids (BCFAs); 
SUMOylation; Ubiquitin-like 
proteins; post-translational 
modifications; intestinal 
inflammation; Inflammation; 
host-bacteria interactions

Introduction

The gut microbiota produces a wide variety of 
metabolites diffusing to the intestinal mucosa and 
modulating intestinal cell activities.1 Some of these 
metabolites may even cross the intestinal barrier 
and reach distant organs via the bloodstream or 
via nerve communications. Fatty acids constitute 
a major class of metabolites produced by intestinal 
bacteria. They include the so-called Short Chain 
Fatty Acids (SCFAs), which are carboxylic acids 
with aliphatic tails of one to six carbons.2 Acetate, 
butyrate, and propionate are the main SCFAs pro
duced in the human colon and derive mostly from 
the anaerobic catabolism of dietary fibers by intest
inal bacteria.3,4 Branched Chain Fatty Acids 
(BCFAs), such as isobutyrate, isovalerate, or 
2-methylbutyrate, constitute another class of fatty 
acids produced by bacteria with one or more 
methyl branches on the carbon chain. BCFA mostly 
derives from the breakdown of proteins by 

intestinal bacteria and more particularly from the 
catabolism of branched-chain amino-acids (valine, 
leucine, and isoleucine, producing isobutyrate, iso
valerate, or 2-methylbutyrate, respectively).5

Fatty acids regulate intestinal cell activities by 
various mechanisms. They may bind to specific 
receptors expressed on intestinal cells, such as 
GPR41/FFAR3, GPR43/FFAR2, and GPR109A, and 
activate various signaling pathways.6 Fatty acids may 
also directly enter into intestinal cells by passive 
diffusion or by facilitated transport. Fatty acids are 
weak organic acids, which exist in solution either as 
acidic or basic forms. Only the acidic (uncharged) 
forms may passively diffuse across the plasma mem
brane, whereas the basic (negatively charged) forms 
are uptaken via specific transporters such as MCT1, 
MCT4, SMCT1, or SMCT2.7 Once in intestinal cells, 
fatty acids participate to the cell metabolism. For 
example, colonocytes were shown to use butyrate 
as a major energy source or, alternatively, isobuty
rate when butyrate availability is low.8,9 Finally, fatty 
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acids may regulate intestinal cell activities by inter
fering with post-translational modifications such as 
neddylation.10,11 The impact of fatty acids on other 
ubiquitin-like modifications in intestinal cells has 
not been described yet.

SUMOylation is a ubiquitin-like modification 
consisting in the covalent addition of SUMO 
(Small Ubiquitin-like MOdifier) peptides to tar
get proteins. Five SUMO paralogs have been 
identified in humans that share 45–97% sequence 
identity. SUMO1, SUMO2, and SUMO3, which 
are the most studied paralogs, can be conjugated 
to both overlapping and distinct sets of 
proteins.12 The conjugation of SUMO to lysine 
residues of target proteins is catalyzed by an 
enzymatic machinery composed of one E1 
enzyme (SAE1/SAE2), one E2 enzyme (UBC9), 
and several E3 enzymes.13 SUMOylation is 
a reversible modification as the isopeptide bond 
between SUMO and its target can be cleaved by 
specific proteases called deSUMOylases.14 The 
consequences of SUMO conjugation on target 
proteins are very diverse and include changes in 
protein localization, stability, activity, or interac
tions with other cellular components.12,15,16

SUMOylation plays essential roles in intestinal 
physiology as it limits detrimental inflammation 
while participating to tissue integrity 
maintenance.17,18 Interestingly, several intestinal 
bacterial pathogens were shown to interfere with 
epithelial cell SUMOylation.19 Listeria monocyto
genes, for example, secretes a pore-forming toxin 
triggering the degradation of the host cell E2 
SUMO enzyme and the rapid loss of SUMO- 
conjugated proteins.20,21 Salmonella enterica sero
var Typhimurium also targets the host E2 SUMO 
enzymes during infection by inhibiting its transla
tion via miRNA-based mechanisms.22 Shigella 
flexneri, finally, similarly switches off the 
SUMOylation machinery by triggering a calpain- 
dependent cleavage of the SUMO E1 enzyme 
SAE2 in infected cells.23 In contrast to these exam
ples of pathogens dampening intestinal cell 
SUMOylation, the impact of gut commensal bac
teria on the SUMOylation of intestinal proteins 
remains unknown. We investigate here whether 
bacterial metabolites derived from the gut micro
biota regulate intestinal cell activities by modulat
ing host protein SUMOylation. We demonstrate 

that bacterial fatty acids induce an 
hyperSUMOylation in intestinal cells, dampen 
inflammatory responses, and promote intestinal 
epithelial integrity.

Material and methods

Animals

Animal care and experimentation were approved 
by a regional Animal Experimentation Ethics 
Committee (APAFIS#21102–2019061810387832 
v2) and complied with the guidelines of the 
European Commission for the handling of labora
tory animals (Directive 2010/63/EU). All efforts 
were made to minimize suffering of animals.

Eight-weeks-old C57Bl/6JRj male mice (Janvier 
Labs, Le-Genest-Saint-Isle, France) were housed at 
23°C (5 animals/cage) with a 12-h light–dark cycle 
in regular open cages. All animals were fed with 
a non-sterilized standard rodent diet (3430.PM. 
S10, Serlab, France). Drinking water was not ster
ilized. After 1 week of acclimatization to the ani
mal facility, animals were split into two groups (5– 
10 animals/group): one group received antibiotics 
by oral gavage once a day, while the other group 
had no antibiotic treatment and were gavaged 
once a day with drinking water. For oral gavages, 
mice received a volume of 10 μL/g body weight of 
drinking water supplemented with 0.1 mg/mL 
Amphotericin-B (Sigma-Aldrich), 10 mg/mL 
Ampicillin (Sigma-Aldrich), 10 mg/mL 
Neomycin trisulfate salt hydrate (Sigma-Aldrich), 
10 mg/mL Metronidazole (Sigma-Aldrich), and 
5 mg/mL Vancomycin hydrochloride (Sigma- 
Aldrich).24 This solution was delivered with 
a stainless steel tube without prior sedation of 
the mice. To prevent fungal overgrowth in the 
antibiotic-treated animals, mice were pre-treated 
with Amphotericin-B for 3 days before the begin
ning of the protocol.24 As for antibiotic treatment, 
Amphotericin-B was delivered by oral gavage 
(10 μL/g body weight of drinking water supple
mented with 0.1 mg/mL Amphotericin-B).24 All 
displayed results are representative of at least two 
independent experiments. At the end of the study, 
all animals were euthanized by an intraperitoneal 
injection of an overdose of ketamine (200 mg/kg 
body weight) and xylazine (20 mg/kg body 

e2108280-2 C. EZZINE ET AL.



weight). Segments from the jejunum, the cecum 
and the colon were then removed, as well as cecal 
contents, frozen in liquid nitrogen and stored 
at −80°C.

Quantification of cecal microorganisms by 
quantitative PCR

Quantitative real-time polymerase chain reaction 
(qPCR) was performed on DNA samples extracted 
from mice cecal contents to monitor the efficiency 
of bacterial depletion in mice treated with antibio
tics, as described in ref. 24. To quantify total eubac
teria, qPCR was performed using primers targeting 
the bacterial 16S rRNA gene (Eub-338 F, 5’- 
ACTCCTACGGGAGGCAGCAG-3’ and Eub- 
518 R, 5’-ATTACCGCGGCTGCTGG-3’).25 The 
Cq determined in each sample were compared 
with a standard curve made by diluting genomic 
DNA extracted from a pure culture of E. coli, for 
which cell counts were determined prior to DNA 
isolation.

Protein extraction from mouse intestinal tissues

Intestinal tissues were mechanically lysed using 
bead beating in a buffer containing 50 mM 
HEPES pH 8.0, 8 M urea buffer, supplemented 
with 10 mM N-ethyl-maleimide (NEM). Tissue 
lysates were then centrifugated for 15 min at 
13,000xg at 4°C. Supernatants were collected, 
mixed 1:1 with Laemmli buffer (125 mm Tris-HCl 
[pH 6.8], 4% SDS, 20% glycerol, 100 mm dithio
threitol [DTT], 0.02% bromophenol blue), and ana
lyzed by immunoblotting.

Cell culture

CACO2 (American Type Culture Collection 
(ATCC)-HTB-37), HeLa (ATCC-CCL2), and T84 
(ATCC CCL-248) cells were cultivated at 37°C in 
a 5% CO2 atmosphere. CACO2 and HeLa cells were 
cultivated in Minimum Essential Medium (MEM) 
(Eurobio) supplemented with 2 mM L-Glutamine 
(Invitrogen), 10% Fetal Bovine Serum (FBS, 
Eurobio), non-essential aminoacids (Sigma- 
Aldrich), 1 mM sodium pyruvate (Gibco), and 
a mixture of penicillin (10000 U/mL), and strepto
mycin (10 mg/mL). T84 cells were cultivated in 

DMEM/F12 (Dulbecco’s Modified Eagle Medium 
F-12) (Eurobio) supplemented with 10% FBS and 
2.5 mM L-Glutamine.

CACO2 and T84 cells were seeded in wells at 
a density of 1.0 × 105 cells/cm2 and 1.5 × 105 cells/ 
cm2, respectively, the day before treatments.

Before treatments, cell culture medium was 
replaced by HBSS (Hanks’ Balanced Salt Solution; 
Sigma-Aldrich). Cells were then treated as indi
cated in the text. For BCFA and SCFA treatments, 
100 mM stock solutions in water were first pre
pared from the corresponding acidic form (e.g. 
isobutyric acid) (Sigma-Aldrich) or from the 
sodium salt of the corresponding basic form (e.g. 
sodium isobutyrate) (Sigma-Aldrich) and then 
further diluted in cell culture media (HBSS). 
When needed, the pH of cell culture medium was 
shifted using either 0.1 M NaOH or 0.1 M HCl 
solution. For treatments with ROS inhibitors, 
CACO2 cells were pre-incubated for 30 min with 
5 mM N-acetyl-cysteine (NAC) or 10 µM 
Diphenyleneiodonium (DPI) and then incubated 
for 1 h with 5 mM isobutyric acid or isovaleric 
acid. For immunoblotting experiments, cells were 
lysed directly in Laemmli buffer. For TNFα treat
ments, CACO2 cells were first incubated with 
BCFAs or SCFAs for 1 hour and then incubated 
with 100 ng/mL recombinant human TNFα 
(PeproTech). For immunoblotting and qRT-PCR 
analyses, cells were lysed after 30 min or 1 h of 
incubation with TNFα, respectively. For transe
pithelial electrical resistance (TEER) measure
ments, cells were incubated for 24 h with TNFα. 
Viability of cells incubated with HBSS at various 
pH or with BCFAs was assessed using the CellTiter- 
Glo® luminescent cell viability assay (Promega), 
according to the manufacturer’s protocol.

Immunoblot analyses

Cell lysates and protein extracts from intestinal 
tissues in Laemmli buffer were boiled for 5 min, 
sonicated and protein content was analyzed by 
electrophoresis on TGX Stain-free pre-cast SDS- 
polyacrylamide gel (Bio-rad). Proteins were then 
transferred on PVDF membranes (GE Healthcare) 
and detected after incubation with specific antibo
dies using ECL Clarity Western blotting Substrate 
(Bio-Rad). Primary and secondary antibodies used 
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for immunoblot analyses are described in 
Supplementary Table S1. All displayed immuno
blots are representative of at least three indepen
dent experiments. Quantifications of proteins were 
performed on a ChemiDoc Imaging System (Bio- 
rad). SUMO2/3-conjugated protein levels (above 
50 kDa), SUMO1-conjugated protein levels (above 
50 kDa), and other specific protein levels were 
normalized either by the level of total proteins 
above 50 kDa (determined using the TGX-stain 
free imaging technology; Bio-rad) or by the level 
of actin in each lysate.

Detection of reactive oxygen species

Detection of ROS was adapted from ref.26 Luminol 
was dissolved in NaOH 0.1 M to obtain a 50 mM 
stock solution. A stock solution of 1000 U/mL HRP 
(HorseRadish Peroxidase) was prepared in parallel 
in PBS (Phosphate-Buffered Saline). Culture media 
from CACO2 cells treated with BCFAs or SCFAs or 
incubated in HBSS at pH 5.2 were collected and 
centrifugated for 5 min at 13,000xg at room tem
perature to eliminate cell remnants. The pH of the 
obtained supernatants was then buffered to 7.5 to 
avoid pH-dependent interferences with luminol 
activity. Luminol (1 mM final concentration) and 
HRP (4 U/mL) were finally added to each culture 
media and luminescence was quantified immedi
ately on a luminometer (Tecan).

Evaluation of deSUMOylase activity

DeSUMOylase activity assays were adapted from 
ref.27 For in vitro cell lines, CACO2 and T84 cells, 
grown in 12-well plates and treated or not with 
BCFAs, were scraped in 100 µL lysis buffer (Tris 
HCl pH 8.0 50 mM, EDTA 5 mM, NaCl 200 mM, 
Glycerol 10%, NP40 0.5%). For in vivo tissues, cecal 
segments were resuspended in lysis buffer (800 µL 
for 100 mg of tissues), mechanically lysed using 
bead beating and further diluted 25 times in lysis 
buffer. Negative controls were prepared by adding 
10 mM N-ethylmaleimide (NEM; Sigma-Aldrich) 
to lysates. Recombinant human SUMO1-AMC and 
SUMO2-AMC proteins (R&D Systems) were 
diluted in parallel to 500 nM in Assay buffer (Tris 

HCl pH 8.0 50 mM, Bovine Serum Albumin (BSA) 
100 µg/mL, Dithiothreitol (DTT) 10 mM). For each 
measurement, 10 µL of cell or tissue lysates were 
mixed with 40 µL of SUMO-AMC containing Assay 
buffer and fluorescence (λEx = 380 nm; λEm 
= 460 nm) was recorded for 30 min at 37°C on 
a Flexstation 3 microplate reader (Molecular 
Devices). DeSUMOylase activities were determined 
by calculating the initial speed of fluorescence 
emission in each lysate, normalized by the quantity 
of proteins in the corresponding sample, deter
mined in parallel using BCA assays (PierceTM 

BCA Protein Assay Kit).

Cell fractionation

Fractionation of CACO2 cells incubated or not 
with 5 mM isobutyric, isovaleric, or butyric acids 
for 5 h was performed with the Subcellular Protein 
Fractionation Kit (Thermo Scientific), according to 
the manufacturer’s protocol. Extracts correspond
ing to cytosolic, nuclear soluble, and chromatin- 
bound fractions were collected and mixed 1:1 with 
Laemmli buffer. The remaining insoluble pellets, 
corresponding to the nuclear matrix, were resus
pended directly in Laemmli buffer. All fractions 
were then boiled for 5 min and sonicated before 
immunoblotting analyses.

Evaluation of intracellular pH

CACO2 and T84 cells, grown on 96-well plates, were 
loaded with 2 µM BCECF-AM (2’,7’-Bis 
-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, 
Acetoxymethyl Ester; Invitrogen) for 30 min in HBSS 
at 37°C. BCECF is a fluorescent dye exhibiting a pH- 
dependent excitation profile.28 Cells were then 
washed twice and incubated in HBSS with or without 
BCFAs or with HBSS at definite pH. Cell fluorescence 
(λEmission = 535 nm) was recorded at two different 
excitation wavelengths: 440 nm and 490 nm. 
Comparison of the ratios of fluorescence intensities 
(490/440 nm) was performed to detect changes in 
intracellular pH. Calibration solutions (with pH ran
ging from 4.5 to 7.5) were used as controls 
(Intracellular pH Calibration Buffer Kit; Molecular 
Probes).

e2108280-4 C. EZZINE ET AL.



Quantification of proinflammatory cytokine 
expression

Total RNAs were extracted from CACO2 cells using 
the RNeasy Plus Mini kit (Qiagen), following manu
facturer’s instructions. For each condition, 1 µg of total 
RNAs was reverse transcribed using random hexam
ers and M-MLV reverse transcriptase (Invitrogen). 
Specific cDNAs were then quantified by qPCR using 
Itaq Universal SYBR Green Supermix (Bio-Rad). 
GAPDH was used as an internal reference for normal
ization. Primers used in this study are hGAPDH_F 
(5’-TGCCATCAATGACCCCTTCA-3’), hGAP 
DH_R (5’-TGACCTTGCCCACAGCCTTG-3’), 
hIL8_F (5’-TGGCAGCCTTCCTGATTT-3’), hIL8_R 
(5’-AACTTCTCCACAACCCTCTG-3’), hCCL20_F 
(5’-TTTGCTCCTGGCTGCTTTGA-3’) and 
hCCL20_R (5’-GCAAGTGAAACCTCCAACCC-3’). 
Serial dilution of target cDNAs was included on each 
plate to generate a relative curve and to integrate 
primer efficiency in the calculations of mRNA 
quantities.

Evaluation of intestinal epithelial permeability

CACO2 cells were seeded in Transwell inserts and 
cultivated for 21 days. Monolayer formation and dif
ferentiation was monitored by daily evaluation of 
transepithelial electrical resistance (TEER) measure
ment, performed with an EVOM epithelial volt ohm 
meter equipped with “chopstick” electrodes. After 
three weeks, cell culture media were replaced by 
HBSS. Cells were preincubated or not with isobutyric 
or isovaleric acids for 1 hour. 100 ng/mL TNFα was 
then added to both apical and basolateral compart
ments. TEER was evaluated after 24 h of incubation.

Results

Gut microbiota depletion decreases SUMO2/3 
protein conjugation in the cecum

To determine whether the gut microbiota affects 
intestinal SUMOylation, we compared the global 
SUMOylation patterns of intestinal segments from 
conventional mice or from mice with a depleted gut 
microbiota. Depletion of mice intestinal bacteria was 
performed via the oral gavage of a cocktail of antibio
tics during 7 days.24 We quantified by qPCR the total 

amount of Eubacteria in the cecal content of mice 
treated with antibiotics to ensure that the efficiency 
of bacterial depletion was above 75%. The 
SUMOylation patterns of segments from the jejunum, 
the cecum, and the colon were then analyzed by 
immunoblotting experiments using anti-SUMO1 
and anti-SUMO2/3 antibodies (Figure 1(a)). The 
level of SUMO-conjugated proteins (above 50 kDa) 
was quantified in each sample (Figure 1(b)). 
Interestingly, we observed that mice with a depleted 
gut microbiota exhibit a significant decrease in the 
level of SUMO2/3-conjugated proteins in the cecum 
(Figure 1). This decrease is specific to the SUMO2/3 
isoform as the cecal level of SUMO1-conjugated pro
teins is not modified in response to antibiotic treat
ment. This decrease in SUMO2/3- conjugated protein 
levels is furthermore specific to the cecum as we did 
not observe any significant modification of the 
SUMOylation patterns in the jejunum or colon of 
mice treated with antibiotics (Figure 1). Together, 
these results suggest that the gut microbiota regulates 
the level of protein conjugated to SUMO2/3 in specific 
intestinal segments.

BCFAs trigger an hyperSUMOylation of intestinal 
proteins

As fatty acids such as SCFAs and BCFAs are impor
tant mediators of the interactions between gut bacteria 
and host cells, we assessed if these metabolites may 
modulate intestinal cell SUMOylation. We first mon
itored the effect of BCFAs on intestinal cell 
SUMOylation in vitro by incubating CACO2 or T84 
cells for 1 h or 5 h with isobutyric, isovaleric, or 
2-methyl-butyric acids (1 mM or 5 mM final concen
trations) (Figure 2, S1 and S2). Interestingly, we 
observed that all BCFAs induce a significant increase 
in the level of proteins conjugated to SUMO2/3 after 
1 h or 5 h of incubation (at 5 mM concentration) in 
CACO2 cells. This hyperSUMOylation is similarly 
observed in T84 cells, after 1 h of incubation with 
5 mM isobutyric, isovaleric acids or 2-methyl-butyric 
acids (Figure S1 and S2). In contrast to SUMO2/ 
3-conjugated proteins, the pattern of proteins conju
gated to SUMO1 is not affected by BCFAs in CACO2 
cells (Figure 2). Of note, the concentrations of BCFAs 
used here do not decrease cell viability (Figure S3).
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To determine whether the hyperSUMOylation 
induced by BCFAs is reversible, CACO2 cells were 
incubated with 5 mM isovaleric acid for 1 h and then 
washed and allowed to recover in BCFA-free culture 
medium for 1 or 4 h. We observed that the initial 
hyperSUMOylation triggered by isovaleric acid 
rapidly disappears after the removal of this BCFA 
(Figure S4).

Together, these results demonstrate that BCFAs 
specifically increase SUMO2/3 conjugation in 
intestinal cell lines. This is consistent with our pre
vious observations in vivo in which microbiota 
depletion leads to a specific decrease in SUMO2/3 
conjugation in the cecum of mice (Figure 1).

The effect of BCFAs on intestinal SUMOylation is pH 
dependent

BCFAs are weak organic acids, which exist in solu
tion either as acidic (R-COOH) or basic (R-COO−) 
forms. For example, addition of 5 mM isovaleric acid 
in the HBSS medium leads to a solution with a pH of 

~5.2 containing approximatively 28% (i.e. ~1.4 mM) 
of the acidic form (isovaleric acid) and 72% (i.e. 
~3.6 mM) of the basic form (isovalerate). In contrast, 
addition of 5 mM sodium isovalerate in the HBSS 
medium leads to a solution with a pH of ~7.5 con
taining approximately 0.2% (i.e. ~0.01 mM) of iso
valeric acid and 99.8% (i.e. ~4.99 mM) of isovalerate. 
To decipher whether both acidic and basic forms of 
BCFAs trigger hyperSUMOylation in intestinal cells, 
we added 5 mM isovaleric acid to CACO2 cell cul
ture medium and increased gradually the pH of this 
medium from 5.2 to 7.0 (thereby decreasing the 
isovaleric acid/isovalerate ratio) (Figure 3(a)). We 
did not observe any significant hyperSUMOylation 
when cells were incubated in these conditions at pH 
7.0, in contrast to cells incubated at pH 5.2. This 
shows that only isovaleric acid (and not isovalerate) 
promotes SUMO-conjugation of intestinal proteins.

We then added increasing amounts of isovaleric 
acid to the CACO2 cell culture medium and set in 
parallel the pH of this medium between 5.2 and 7.0. 
For each pH, the amount of isovaleric acid added to 
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Figure 1. Gut microbiota depletion decreases protein SUMOylation in the cecum. a, Immunoblot analysis of SUMO1- and SUMO2/ 
3-conjugated proteins in the jejunum, cecum, and colon of mice treated or not with antibiotics (ATB) (two representative mice are 
shown for each tissue). b, Quantification of SUMO-conjugated proteins (above 50 kDa). Values are expressed as fold-change versus 
untreated mice (mean ± s.e.m.; n = 4–9; ***, P < .001; NS, not significant; two-tailed Student’s t-test).
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cells was calculated to maintain a final concentration 
of isovaleric acid in the cell culture medium of 
~1.4 mM. We observed that this increase in BCFA 
concentration restores the hyperSUMOylation 
observed in CACO2 cells at pH 6 and 7 (Figure 3(a) 
and Figure 3(c)). This result demonstrates that 
BCFAs, when present in high concentration, trigger 
hyperSUMOylation even at neutral or weakly 
acidic pH.

To decipher if the hyperSUMOylation induced 
by isovaleric acid is only due to the associated 
acidification of the extracellular milieu, we 

compared the SUMOylation pattern of CACO2 
cells incubated for 1, 2, or 5 h with 5 mM 
isovaleric acid (pH 5.2) or with culture medium 
without isovaleric acid and with a pH set to 5.2 
(Figure 3(b)). We observed that the 
hyperSUMOylation triggered by isovaleric acid 
cannot be recapitulated by an equivalent acidic 
pH (Figure 3(b) and Figure 3(c)).

Of note, the acidic forms of fatty acids are 
uncharged and freely diffusible across cellular 
membranes, in contrast to the basic forms, 
which are negatively charged and only cross 
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Figure 2. BCFAs trigger hyperSUMOylation of intestinal proteins in CACO2 cells. a, Immunoblot analysis of SUMO1-conjugated proteins 
(top) or SUMO2/3-conjugated proteins (bottom) in CACO2 cells incubated with isobutyric acid (IBic) or isovaleric acid (IVic) for 1 or 5 h. 
b, Quantification of SUMO-conjugated proteins (above 50 kDa). Values are expressed as fold-change versus untreated cells (mean ± s.e. 
m.; n = 3–4; *, P < .05; **, P < .01 versus untreated cells; One-way ANOVA, with Dunnett’s correction).
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membranes thanks to specific transporters. 
Thus, as only the acidic forms of BCFA induce 
an hyperSUMOylation of intestinal proteins, we 

can hypothesize that these forms diffuse pas
sively across the cell membrane, and then act 
intracellularly on intestinal cell SUMOylation.
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Figure 3. BCFAs-triggered hyperSUMOylation of intestinal proteins is pH-dependent. a, Immunoblot analysis of SUMO2/3-conjugated 
proteins in CACO2 cells incubated with various concentrations of isovaleric acid (IVic) or sodium isovalerate (IVate) at definite pH. The pH 
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SUMO2/3-conjugated proteins in CACO2 cells incubated with 5 mM isovaleric acid (IVic) or in culture medium at pH 5.2. c, 
Quantification of SUMO2/3-conjugated proteins. Values are expressed as fold-change versus untreated cells (mean ± s.e.m.; n = 3– 
4; *, P < .05, **, P < .01; ***, P < .001 versus untreated cells; One-way ANOVA, with Dunnett’s correction). d, Evaluation of intracellular 
pH in CACO2 cells loaded with BCECF-AM and incubated with various concentrations of isobutyric acid (IBic) or isovaleric acid (IVic). 
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To decipher whether the entry of the acidic forms 
of BCFAs inside cells may alter the intracellular pH 
(pHi) (as these acidic forms may release protons 
once inside cells), we monitored pHi in CACO2 
and T84 cells using a pH-sensitive fluorescent dye 
(BCECF-AM).26 Interestingly, we observed 
a significant decrease in pHi in both CACO2 and 
T84 cells incubated with 5 mM isobutyric and iso
valeric acids (Figure 3(d) and S5). As an acidic 
extracellular milieu may also decrease pHi, we com
pared the pHi measured in CACO2 cells incubated 
with various concentrations of isovaleric acid (at 
definite pH) with the one obtained for cells incu
bated in a culture medium at similar pH (Figure 3 
(e)). In all conditions, the decrease in pHi triggered 
by isovaleric acid is greater than the one triggered by 
the corresponding acidic condition (Figure 3(e)). 
Similar results were obtained in T84 cells (Figure 
S5). These results strongly suggest that the acidic 
forms of BCFAs diffuse inside intestinal cells where 
they trigger a decrease in the intracellular pH. This 
decrease is more efficient than the one induced by an 
acidic extracellular milieu, probably because the 
plasma membrane is more permeable to the acidic 
forms of BCFAS than to protons alone.

We finally monitor the level of SUMO2/3-con
jugation in CACO2 cells incubated for 5 h in cul
ture medium with acidic pH. We did not observe 
any significant increase in SUMOylation for cells 
incubated in pH ranging from 7.5 down to 5.2, 
thereby confirming our previous observations 
(Figure 3(b), Figure 3(c) and Figure S5). Further 
decreasing the extracellular pH eventually leads to 
an increase in CACO2 cell SUMOylation, which is 
probably linked to a stronger decrease of CACO2 
cell intracellular pH, as in the case of incubation 
with isovaleric acid (Figure S5).

Of note, incubating CACO2 and T84 cells in 
a culture medium with pH ranging from 7.5 to 5.0 
does not decrease cell viability, nor the expression level 
of E1, E2, or E3 SUMO enzymes (Figure S3 and S6).

SCFAs also affect intestinal SUMOylation

To complete our results obtained with BCFAs, we 
determined whether SCFAs similarly impact intest
inal cell SUMOylation. We incubated CACO2 cells 
with acetic, butyric, and propionic acid for 5 h 
(5 mM final concentration; pH~5.2). Interestingly, 

we observed that SCFAs induce a significant increase 
in the level of SUMO2/3-conjugated proteins 
(Figure 4). In contrast, incubation of cells with 
sodium acetate, butyrate, or propionate (5 mM 
final concentration; pH~7.5) does not trigger any 
change in the SUMOylation pattern of CACO2 
cells (Figure 4). Together, these results indicate that 
SCFAs, as BCFAs, modulate intestinal protein 
SUMOylation in a pH-dependent manner.

BCFAs-induced hyperSUMOylation is dependent of 
ROS production

Butyric acid was previously reported to induce ROS 
(Reactive Oxygen Species) production in both IEC-6 
intestinal epithelial cells and HeLa cells.11 We thus 
tested whether SCFAs and BCFAs similarly induce 
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Figure 4. SCFAs trigger hyperSUMOylation of intestinal proteins 
in a pH-dependent manner. a, Immunoblot analysis of SUMO2/ 
3-conjugated proteins in CACO2 cells incubated for 5 h with 
5 mM SCFAs. b, Quantification of SUMO2/3-conjugated proteins. 
Values are expressed as fold-change versus untreated cells 
(CTRL) (mean ± s.e.m.; n = 4; *, P < .05 versus CTRL; one-way 
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Propic, propionic acid; Propate, sodium propionate).
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ROS production in CACO2 cells. For this, we used 
a sensitive luminol-based ROS detection assay.27 We 
observed that the addition of isobutyric, isovaleric, 
or butyric acid induces ROS production in CACO2 
cells after 1 h of incubation (Figure 5(a)). This oxi
dative stress is transient as the level of ROS decreased 
between 1 and 5 h of incubation (Figure 5(a)). 
Interestingly, the oxidative stress induced by 
BCFAs and SCFAs is pH-dependent as no ROS 
were detected after incubation with sodium isobuty
rate, isovalerate, or butyrate (Figure 5(a)). These 
results suggest that ROS are produced in response 
to the diffusion of the acidic form of BCFAs and 
SCFAs inside CACO2 cells and to the associated 
drop in intracellular pH. We confirmed this hypoth
esis by showing that ROS production induced by 

5 mM isovaleric acid is greater than the one observed 
with cells incubated in the corresponding acidic con
ditions (pH 5.2; Figure 5(b)).

To determine whether ROS production was 
responsible for the hyperSUMOylation triggered by 
fatty acids, we pre-incubated CACO2 cells with two 
ROS scavengers, N-acetyl cysteine (NAC) and 
Diphenyleneiodonium (DPI). These cells were then 
incubated with isobutyric or isovaleric acids for 1 h. 
We observed that preincubation with oxidative stress 
inhibitors significantly blocks BCFAs-induced 
hyperSUMOylation (Figure 5(c) and Figure 5(d)). 
Together, these results demonstrate that the acidic 
forms of SCFAs and BCFAs trigger the production 
of ROS in intestinal cells, which in turn promotes 
SUMO-conjugation of intestinal proteins.
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n = 3; **, P < .01 versus untreated cells; One-way ANOVA, with Dunnett’s correction).
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BCFAs inhibit intestinal cell deSUMOylases

Global increase in SUMOylation may result either 
from an increase in the SUMOylation machinery’s 
activity or from an inhibition of cellular 
deSUMOylases. As deSUMOylases were reported 
to be sensitive to oxidative stress,29,30 we evaluated 
whether BCFAs could inhibit SUMO- 
deconjugation in intestinal cells. For this, 
CACO2 was incubated with isobutyric or isovale
ric acids and lysed. Cell lysates were then mixed 
with SUMO1 or SUMO2 peptides covalently 
linked to AMC (7-amino-4-methylcoumarin). 
The activity of deSUMOylases was then quantified 
in these cell lysates by measuring the fluorescence 
intensity of AMC released by the deSUMOylase- 
dependent cleavage of the amide bond between 
AMC and SUMO (Figure 6).30 We demonstrated 
that incubation with 5 mM isobutyric or isovaleric 
acids for 5 h significantly decreases SUMO decon
jugation reactions in cell lysates, both for SUMO1- 
and SUMO2-conjugated substrates (Figure 6). 
Similar results were observed in T84 cells (Figure 
S7). These results indicate that deSUMOylases are 
inhibited in response to BCFAs.

Of note, we quantified in parallel the expression 
levels of E1 and E2 SUMO enzymes in CACO2 cells 
treated with BCFAs using immunoblotting experi
ments. We observed that isobutyric and isovaleric 
acids do not alter the levels of SAE1/SAE2 or UBC9 
(Figure S8).

Together, these results suggest that the 
hyperSUMOylation induced by BCFAs result from 
the inhibition of intestinal cell deSUMOylases.

To complete these results, we quantified the 
activity of deSUMOylases in the cecum of mice 
treated with antibiotics. Interestingly, we observed 
a significant increase in the activity of 
deSUMOylases in mice with a depleted gut micro
biota, which nicely correlates with the observed 
decrease in the level of SUMO-conjugated proteins 
in these intestinal segments (Figure 1 and 
Figure 6(b)). Together, these results highlight that 
the activity of intestinal deSUMOylases can be 
regulated by gut microbiota-derived metabolites.

BCFAs/SCFAs-induced ROS do not affect cullin-1 
neddylation in CACO2 cells

In addition to SUMOylation, other Ubiquitin-like 
proteins such as NEDD8 were reported to be sensi
tive to oxidative stress. Previous reports established 
that ROS produced in response to butyric acid expo
sure inactivate the NEDD8-conjugating enzyme 
Ubc12 and trigger the loss of cullin-1 neddylation 
in HeLa cells.10,11 We thus assessed whether BCFAs 
also decrease cullin-1 neddylation in CACO2 cells. 
Interestingly, we observed that isobutyric and isova
leric acid triggers cullin-1 deneddylation after 5 h of 
incubation in HeLa cells, similarly to butyric acid, 
but not in CACO2 cells (Figure S9). This suggests 
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that the consequences of SCFAs/BCFAs-induced 
ROS are cell-type dependent and that these fatty 
acids do not affect neddylation in CACO2 cells.

BCFAs and SCFAs promote SUMOylation of proteins 
associated with the nuclear matrix

In order to determine whether proteins conjugated 
to SUMO in response to SCFAs/BCFAs are located 
in specific cellular compartments, we performed 
cell fractionation assays. We isolated proteins 
from cytosolic, nuclear soluble and chromatin- 
associated fractions as well as proteins from the so- 
called nuclear matrix (a nuclear fraction character
ized by its insolubility and resistance to high salt 
and nuclease extractions, in which several SUMO 
targets and enzymes, such as PML or PIASy, are 
accumulating31,32). SUMO2/3-conjugated proteins 
in basal conditions (without SCFAs/BCFAs) were 
mainly observed in nuclear fractions (nuclear solu
ble and chromatin fractions), as expected since 
many SUMO targets are known to be nuclear.15 

Very interestingly, we observed that the level of 
SUMO-conjugated proteins is strongly increased 
in the nuclear matrix fraction in response to 
SCFAs/BCFAs (and slightly decreased in the 
nuclear soluble fraction) (Figure 7). These results 

highlight that SCFAs/BCFAs promote the 
SUMOylation of nuclear factors, which are asso
ciated with the nuclear matrix.

BCFAs/SCFAs-induced hyperSUMOylation impair 
NF-κB inflammatory responses

As SUMOylation is known to regulate 
inflammation,18,33 we determined whether 
BCFAs/SCFAs-induced hyperSUMOylation could 
modulate inflammatory responses in intestinal 
cells. To do so, we incubated CACO2 cells with 
TNFα in the presence or absence of BCFAs. We 
then quantified the expression levels of the pro- 
inflammatory IL8 and CCL20 cytokines by qRT- 
PCR. We observed that both isobutyric and isova
leric acids downregulate the transcription of IL8 
and CCL20 in response to TNFα in CACO2 cells 
(Figure 8(a)). We then compared the respective 
effect of the acidic or basic forms of BCFAs and 
SCFAs on the expression of these cytokines. We 
observed that the basic form of BCFAs and SCFAs 
partially decrease expression of IL8 and CCL20. 
Interestingly, we show that the acidic forms of 
BCFAs and SCFAs further decrease the expression 
of IL8 and CCL20 to the levels of cells unstimulated 
by TNFα (Figure 8(a)). As acidic forms of SCFAs/ 
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Figure 7. BCFAs and SCFAs trigger hyperSUMOylation of proteins associated with the nuclear matrix. Immunoblot analysis of SUMO2/ 
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BCFAs trigger hyperSUMOylation in contrast to 
basic forms (Figures 3 and 4), these results suggest 
that SCFAs/BCFAs-induced hyperSUMOylation 
dampens pro-inflammatory cytokine expression in 
intestinal cells, although SCFAs/BCFAs-mediated 
SUMO-independent mechanisms might also be 
involved.

As IL8 and CCL20 expression is regulated by the 
NF-κB transcription factor, we tested whether 
BCFAs could interfere with the NF-κB signaling 
pathway. To do so, we focused on the degradation 
of the IκBα inhibitor, which is a key step in the 
activation of NF-κB and a pre-requisite for NF-κB 
translocation into the nucleus. We quantified, using 
immunoblotting experiments, the level of IκBα in 
CACO2 cells incubated with TNFα in the presence 
or absence of BCFAs and SCFAs. We observed that 
isobutyric, isovaleric, and butyric acids block the 
degradation of IκBα triggered by TNFα (Figure 8(b) 
and Figure 8(c)). This inhibition was not observed 
with sodium isobutyrate, isovalerate, and butyrate, 
suggesting that the hyperSUMOylation induced by 
the acidic forms of SCFAs/BCFAs may block IκBα 
degradation and thus dampen the NF-κB signaling 
pathway (Figure 8(b) and Figure 8(c)). Again, the 
involvement of additional SUMO-independent 
mechanisms cannot be formerly ruled out here.

BCFAs promote intestinal epithelial integrity

We finally determined whether BCFAs regulate 
intestinal permeability. To do so, CACO2 cells were 
grown for 3 weeks in Transwell systems in order to 
reconstitute an in vitro model of differentiated intest
inal epithelium. Cells were then incubated with 
TNFα and the permeability of the obtained epithe
lium was monitored by measuring the transepithelial 
electrical resistance (TEER) between the apical and 
basal compartments. Treatment with TNFα induces 
a significant decrease in TEER after 24 h, which 
corresponds to an increase in epithelial permeability, 
as previously described (Figure 8d). Interestingly, we 
show that incubation of CACO2 cells with isobutyric 
and isovaleric acids blocks this TNFα-induced 
increase in epithelial permeability. This result shows 
that BCFAs promote intestinal epithelial integrity in 
response to inflammatory stimuli.

Discussion

Post-translational modifications are widely used by 
eukaryote cells to modulate rapidly, locally and 
specifically the interactions or activities of key pro
teins. SUMOylation plays an essential role in intest
inal physiology and more particularly in epithelial 
integrity maintenance, by controlling cell renewal 
and differentiation, as well as mechanical stability 
of the epithelium.17,18 Not surprisingly, several 
pathogens were shown to manipulate intestinal 
SUMOylation in order to interfere with the activity 
of key host factors involved in infection.19 Most of 
these pathogens are decreasing SUMOylation, 
using independent mechanisms, which illustrates 
a nice example of evolutive convergence. In con
trast to pathogens, the potential impact of gut com
mensal bacteria on SUMOylation has not been 
investigated. Here, we show that depletion of gut 
bacteria in mice triggers a decrease in cecal protein 
SUMOylation. The level of SUMO-conjugated pro
teins is, in contrast, not affected in the colon. This 
may result either from the decrease in the levels of 
bacterial metabolites such as BCFAs/SCFAs along 
the longitudinal axis between the cecum and the 
rectum34 or from differences in the regulation of 
deSUMOylase activity in these different intestinal 
segments.

We show that BCFAs/SCFAs upregulate 
intestinal SUMOylation by controlling the activ
ity of host deSUMOylases (Figure S10). As the 
SUMOylation level of a given target results from 
the dynamic equilibrium between conjugation 
and deconjugation reactions, the inactivation of 
deSUMOylases results in an increase in protein 
SUMOylation levels. Interestingly, we identified 
that the proteins SUMOylated in response to 
BCFAs/SCFAs are mainly associated with the 
nuclear matrix. As many SUMO targets asso
ciated with the nuclear matrix, such as PML or 
PIASy, are involved in transcription regulation, 
we can hypothesize that BCFAs/SCFAs-induced 
SUMOylation modifies intestinal gene 
expression.15,31–33 BCFAs and SCFAs constitute 
the first examples of gut bacterial metabolites 
able to modulate intestinal SUMOylation but 
other classes of metabolites may regulate the 
level of SUMO-conjugation as well. Along the 
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same line, other sources of fatty acids, including 
intestinal cells, may similarly act on 
SUMOylation.

Our results show that BCFAs/SCFAs upregulate 
SUMOylation and dampen inflammatory 
responses of intestinal cells (Figure S10). SCFAs, 
and more particularly butyrate, have already been 
shown to modulate intestinal inflammation.3 The 
potential effect of BCFAs on inflammation remains 
in contrast poorly documented. Interestingly, long- 
chain BCFAs (with more than 14 carbons) were 
shown to decrease the expression of IL8 in response 
to LPS in CACO2 cells and to decrease the inci
dence of necrotizing enterocolitis in a neonatal rat 
model.35,36 Whether these effects are triggered by 
the acidic form of these long-chain BFCAs, once 
translocated inside intestinal cells, remains to be 
determined. Of note, lactic acid, which is abun
dantly produced by the vaginal microbiota, also 
elicits anti-inflammatory responses on human cer
vicovaginal epithelial cells.37 Interestingly, only lac
tic acid, and not lactate, prevents pro-inflammatory 
cytokine expression in epithelial cells, which nicely 
echoes our result on the anti-inflammatory proper
ties of the acidic forms of BCFAs/SCFAs on intest
inal cells.38,39 The vaginal pH being naturally acid 
(pH <4), lactic acid is predominant in this environ
ment compared to lactate. In the case of BCFAs and 
SCFAs produced by gut microbiota, the intralum
inal pH is varying depending on the intestinal seg
ment. This pH ranges from 5.5 to 7.5 in the cecum/ 
right colon and then increases in the left colon and 
rectum to 6.1–7.5.39 Eventhough the acidic forms of 
SCFAs/BCFAs are not predominant in these con
ditions, the physiological high concentrations of 
SCFAs/BCFAs (i.e. ~100 mM for SCFAs) may be 
high enough to have a concentration of protonated 
fatty acids sufficient to modulate intestinal 
SUMOylation.

Interestingly, SUMOylation has been involved in 
intestinal diseases such as Inflammatory Bowel 
Diseases (IBD). Indeed, patients with IBD show 
a downregulation of the UBC9 enzyme and 
a decrease in SUMOylated protein levels in the 
colon, which correlates with disease severity.40 

These SUMO alterations, which can also be 
observed in a mouse model of colitis, were pro
posed to contribute to intestinal immune response 
deregulation.40 This hypothesis is supported by the 

inhibition of gut inflammation observed in 
response to PIAS1 E3 ligase overexpression in the 
intestine and the associated increase in 
SUMOylation.41 Our results suggest that BCFAs/ 
SCFAs may similarly limit inflammation in this 
context, by restoring SUMOylation in intestinal 
cells.

In conclusion, this work unveils a new mechan
ism used by the gut microbiota to modulate intest
inal cell activities and dampen inflammation. It 
highlights in addition the therapeutic potential of 
SUMOylation targeting in the treatment of inflam
matory diseases such as IBD.

Acknowledgments

We thank Caroline Chevalier for the helpful discussion and 
Jonathan Breton for technical assistance.

Disclosure statement

The authors declare that they have no conflict of interest.

Funding

This work was supported by INSERM, Rouen University, the 
iXcore Foundation for Research, the Microbiome Foundation, 
Janssen Horizon, the European Union, and Normandie 
Regional Council. Europe gets involved in Normandie with 
European Regional Development Fund (ERDF).

ORCID

David Ribet http://orcid.org/0000-0003-1175-6471

Data availability statement

The authors confirm that the data supporting the findings of 
this study are available within the article and its supplemen
tary materials.

References

1. Gasaly N, de Vos P, Hermoso MA. Impact of bacterial 
metabolites on gut barrier function and host immunity: 
a focus on bacterial metabolism and its relevance for 
intestinal inflammation. Front Immunol. 2021;12:658354. 
doi:10.3389/fimmu.2021.658354.

GUT MICROBES e2108280-15

https://doi.org/10.3389/fimmu.2021.658354


2. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. 
From dietary fiber to host physiology: short-chain fatty 
acids as key bacterial metabolites. Cell. 2016;165 
(6):1332–1345. doi:10.1016/j.cell.2016.05.041.

3. Parada Venegas D, De la Fuente MK, Landskron G, 
Gonzalez MJ, Quera R, Dijkstra G, Harmsen HJM, 
Faber KN, Hermoso MA. Short Chain Fatty Acids 
(SCFAs)-Mediated gut epithelial and immune regula
tion and its relevance for inflammatory bowel diseases. 
Front Immunol. 2019;10:277. doi:10.3389/fimmu.2019. 
00277.

4. Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, 
Mithieux G, Nauta A, Scott K, Stahl B, van 
Harsselaar J, et al. Short chain fatty acids in human 
gut and metabolic health. Benef Microbes. 2020;11 
(5):411–455. doi:10.3920/BM2020.0057.

5. Blachier F, Mariotti F, Huneau JF, Tome D. Effects 
of amino acid-derived luminal metabolites on the 
colonic epithelium and physiopathological conse
quences. Amino Acids. 2007;33(4):547–562. doi:10. 
1007/s00726-006-0477-9.

6. Kimura I, Ichimura A, Ohue-Kitano R, Igarashi M. Free 
fatty acid receptors in health and disease. Physiol Rev. 
2020;100(1):171–210. doi:10.1152/physrev.00041.2018.

7. Sivaprakasam S, Bhutia YD, Yang S, Ganapathy V. 
Short-Chain fatty acid transporters: role in colonic 
homeostasis. Compr Physiol. 2017;8:299–314.

8. Roediger WE. Role of anaerobic bacteria in the meta
bolic welfare of the colonic mucosa in man. Gut. 
1980;21(9):793–798. doi:10.1136/gut.21.9.793.

9. Jaskiewicz J, Zhao Y, Hawes JW, Shimomura Y, 
Crabb DW, Harris RA. Catabolism of isobutyrate by 
colonocytes. Arch Biochem Biophys. 1996;327 
(2):265–270. doi:10.1006/abbi.1996.0120.

10. Kumar A, Wu H, Collier-Hyams LS, Hansen JM, Li T, 
Yamoah K, Pan Z-Q, Jones DP, Neish AS. Commensal 
bacteria modulate cullin-dependent signaling via gen
eration of reactive oxygen species. EMBO J. 2007;26 
(21):4457–4466. doi:10.1038/sj.emboj.7601867.

11. Kumar A, Wu H, Collier-Hyams LS, Kwon YM, 
Hanson JM, Neish AS. The bacterial fermentation product 
butyrate influences epithelial signaling via reactive oxygen 
species-mediated changes in cullin-1 neddylation. 
J Immunol. 2009;182(1):538–546. doi:10.4049/jimmunol. 
182.1.538.

12. Flotho A, Melchior F. Sumoylation: a regulatory protein 
modification in health and disease. Annu Rev Biochem. 
2013;82(1):357–385. doi:10.1146/annurev-biochem 
-061909-093311.

13. Cappadocia L, Lima CD. Ubiquitin-like protein conjuga
tion: structures, chemistry, and mechanism. Chem Rev. 
2018;118(3):889–918. doi:10.1021/acs.chemrev.6b00737.

14. Kunz K, Piller T, and Muller S. SUMO-specific pro
teases and isopeptidases of the SENP family at a 
glance. J Cell Sci. 2018;131(6):jcs211904. doi:10.1242/ 
jcs.211904.

15. Zhao X. SUMO-Mediated regulation of nuclear func
tions and signaling processes. Mol Cell. 2018;71 
(3):409–418. doi:10.1016/j.molcel.2018.07.027.

16. Chang HM, Yeh ETH. SUMO: from bench to bedside. 
Physiol Rev. 2020;100(4):1599–1619. doi:10.1152/phys 
rev.00025.2019.

17. Demarque MD, Nacerddine K, Neyret-Kahn H, 
Andrieux A, Danenberg E, Jouvion G, Bomme P, 
Hamard G, Romagnolo B, Terris B, et al. Sumoylation 
by Ubc9 regulates the stem cell compartment and struc
ture and function of the intestinal epithelium in mice. 
Gastroenterology. 2011;140(1):286–296. doi:10.1053/j. 
gastro.2010.10.002.

18. Karhausen J, Ulloa L, Yang W. SUMOylation con
nects cell stress responses and inflammatory control: 
lessons from the gut as a model organ. Front 
Immunol. 2021;12:646633. doi:10.3389/fimmu.2021. 
646633.

19. Ribet D, and Cossart P. SUMO, and NEDD8: key targets 
of bacterial pathogens. Trends Cell Biol. 2018;28 
(11):926–940. doi:10.1016/j.tcb.2018.07.005.

20. Ribet D, Hamon M, Gouin E, Nahori MA, Impens F, 
Neyret-Kahn H, Gevaert K, Vandekerckhove J, 
Dejean A, Cossart P, et al. Listeria monocytogenes 
impairs SUMOylation for efficient infection. Nature. 
2010;464(7292):1192–1195. doi:10.1038/nature08963.

21. Impens F, Radoshevich L, Cossart P, Ribet D. Mapping 
of SUMO sites and analysis of SUMOylation changes 
induced by external stimuli. Proc Natl Acad Sci U S A. 
2014;111(34):12432–12437. doi:10.1073/pnas.14138 
25111.

22. Verma S, Mohapatra G, Ahmad SM, Rana S, Jain S, 
Khalsa JK, Srikanth CV. Salmonella engages host 
microRNAs to modulate SUMOylation: a new arsenal 
for intracellular survival. Mol Cell Biol. 2015;35 
(17):2932–2946. doi:10.1128/MCB.00397-15.

23. Lapaquette P, Fritah S, Lhocine N, Andrieux A, 
Nigro G, and Mounier J, et al. Shigella entry unveils a 
calcium/calpain-dependent mechanism for inhibiting 
sumoylation. Elife. 2017;6:e27444. doi:10.7554/eLife. 
27444.

24. Tirelle P, Breton J, Riou G, Dechelotte P, Coeffier M, 
Ribet D. Comparison of different modes of antibiotic 
delivery on gut microbiota depletion efficiency and 
body composition in mouse. BMC Microbiol. 2020;20 
(1):340. doi:10.1186/s12866-020-02018-9.

25. Fierer N, Jackson JA, Vilgalys R, Jackson RB. 
Assessment of soil microbial community structure by 
use of taxon-specific quantitative PCR assays. Appl 
Environ Microbiol. 2005;71(7):4117–4120. doi:10. 
1128/AEM.71.7.4117-4120.2005.

26. Kim JS, Jeong K, Murphy JM, Rodriguez YAR, Lim SS. 
A quantitative method to measure low levels of ROS in 
nonphagocytic cells by using a chemiluminescent ima
ging system. Oxid Med Cell Longev. 2019;2019:1754593. 
doi:10.1155/2019/1754593.

e2108280-16 C. EZZINE ET AL.

https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3920/BM2020.0057
https://doi.org/10.1007/s00726-006-0477-9
https://doi.org/10.1007/s00726-006-0477-9
https://doi.org/10.1152/physrev.00041.2018
https://doi.org/10.1136/gut.21.9.793
https://doi.org/10.1006/abbi.1996.0120
https://doi.org/10.1038/sj.emboj.7601867
https://doi.org/10.4049/jimmunol.182.1.538
https://doi.org/10.4049/jimmunol.182.1.538
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1242/jcs.211904
https://doi.org/10.1242/jcs.211904
https://doi.org/10.1016/j.molcel.2018.07.027
https://doi.org/10.1152/physrev.00025.2019
https://doi.org/10.1152/physrev.00025.2019
https://doi.org/10.1053/j.gastro.2010.10.002
https://doi.org/10.1053/j.gastro.2010.10.002
https://doi.org/10.3389/fimmu.2021.646633
https://doi.org/10.3389/fimmu.2021.646633
https://doi.org/10.1016/j.tcb.2018.07.005
https://doi.org/10.1038/nature08963
https://doi.org/10.1073/pnas.1413825111
https://doi.org/10.1073/pnas.1413825111
https://doi.org/10.1128/MCB.00397-15
https://doi.org/10.7554/eLife.27444
https://doi.org/10.7554/eLife.27444
https://doi.org/10.1186/s12866-020-02018-9
https://doi.org/10.1128/AEM.71.7.4117-4120.2005
https://doi.org/10.1128/AEM.71.7.4117-4120.2005
https://doi.org/10.1155/2019/1754593


27. Kunz K, Muller S, Mendler L. Assays of SUMO 
protease/isopeptidase activity and function in mam
malian cells and tissues. Methods Enzymol. 2019; 
618:389–410.

28. Liang E, Liu P, Dinh S. Use of a pH-sensitive fluorescent 
probe for measuring intracellular pH of Caco-2 cells. 
Int J Pharm. 2007;338(1–2):104–109. doi:10.1016/j. 
ijpharm.2007.01.048.

29. Stankovic-Valentin N, Melchior F. Control of SUMO 
and Ubiquitin by ROS: signaling and disease 
implications. Mol Aspects Med. 2018;63:3–17. doi:10. 
1016/j.mam.2018.07.002.

30. Xu Z, Lam LS, Lam LH, Chau SF, Ng TB, Au SW. 
Molecular basis of the redox regulation of SUMO pro
teases: a protective mechanism of intermolecular disulfide 
linkage against irreversible sulfhydryl oxidation. FASEB J. 
2008;22(1):127–137. doi:10.1096/fj.06-7871com.

31. Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F, 
Grosschedl R. PIASy, a nuclear matrix–associated SUMO 
E3 ligase, represses LEF1 activity by sequestration into 
nuclear bodies. Genes Dev. 2001;15:3088–3103. doi:10. 
1101/gad.944801.

32. Ribet D, Lallemand-Breitenbach V, Ferhi O, 
Nahori MA, Varet H, and de The H, et al. 
Promyelocytic Leukemia Protein (PML) controls 
Listeria monocytogenes. Infection mBio. 2017;8(1): 
e02179-16. doi:10.1128/mBio.02179-16.

33. Boulanger M, Chakraborty M, Tempe D, Piechaczyk M, 
Bossis G. SUMO and transcriptional regulation: the 
lessons of large-scale proteomic, modifomic and geno
mic studies. Molecules. 2021;26(4):828. doi:10.3390/ 
molecules26040828.

34. Cummings JH, Pomare EW, Branch WJ, Naylor CP, 
Macfarlane GT. Short chain fatty acids in human large 
intestine, portal, hepatic and venous blood. Gut. 
1987;28(10):1221–1227. doi:10.1136/gut.28.10.1221.

35. Yan Y, Wang Z, Greenwald J, Kothapalli KS, Park HG, 
Liu R, Mendralla E, Lawrence P, Wang X, Brenna JT, 
et al. BCFA suppresses LPS induced IL-8 mRNA 

expression in human intestinal epithelial cells. 
Prostaglandins Leukot Essent Fatty Acids. 
2017;116:27–31. doi:10.1016/j.plefa.2016.12.001.

36. Ran-Ressler RR, Khailova L, Arganbright KM, Adkins- 
Rieck CK, Jouni ZE, Koren O, Ley RE, Brenna JT, 
Dvorak B, et al. Branched chain fatty acids reduce the 
incidence of necrotizing enterocolitis and alter gastroin
testinal microbial ecology in a neonatal rat model. PLoS 
One. 2011;6(12):e29032. doi:10.1371/journal.pone. 
0029032.

37. Hearps AC, Tyssen D, Srbinovski D, Bayigga L, Diaz DJD, 
Aldunate M, et al. Vaginal lactic acid elicits an anti-inflam
matory response from human cervicovaginal epithelial 
cells and inhibits production of pro-inflammatory media
tors associated with HIV acquisition. Mucosal Immunol. 
2017;10(6):1480–1490. doi:10.1038/mi.2017.27.

38. Delgado-Diaz DJ, Tyssen D, Hayward JA, Gugasyan R, 
Hearps AC, Tachedjian G. Distinct immune responses 
elicited from cervicovaginal epithelial cells by lactic acid 
and short chain fatty acids associated with optimal and 
non-optimal vaginal microbiota. Front Cell Infect 
Microbiol. 2019;9:446. doi:10.3389/fcimb.2019.00446.

39. Nugent SG, Kumar D, Rampton DS, Evans DF. 
Intestinal luminal pH in inflammatory bowel disease: 
possible determinants and implications for therapy with 
aminosalicylates and other drugs. Gut. 2001;48 
(4):571–577. doi:10.1136/gut.48.4.571.

40. Mustfa SA, Singh M, Suhail A, Mohapatra G, Verma S, 
Chakravorty D, Rana S, Rampal R, Dhar A, Saha S, et al. 
SUMOylation pathway alteration coupled with downre
gulation of SUMO E2 enzyme at mucosal epithelium 
modulates inflammation in inflammatory bowel disease. 
Open Biol. 2017;7(6):170024. doi:10.1098/rsob.170024.

41. Yavvari PS, Verma P, Mustfa SA, Pal S, Kumar S, 
Awasthi AK, Ahuja V, Srikanth CV, Srivastava A, 
Bajaj A, et al. A nanogel based oral gene delivery system 
targeting SUMOylation machinery to combat gut 
inflammation. Nanoscale. 2019;11(11):4970–4986. 
doi:10.1039/C8NR09599J.

GUT MICROBES e2108280-17

https://doi.org/10.1016/j.ijpharm.2007.01.048
https://doi.org/10.1016/j.ijpharm.2007.01.048
https://doi.org/10.1016/j.mam.2018.07.002
https://doi.org/10.1016/j.mam.2018.07.002
https://doi.org/10.1096/fj.06-7871com
https://doi.org/10.1101/gad.944801
https://doi.org/10.1101/gad.944801
https://doi.org/10.1128/mBio.02179-16
https://doi.org/10.3390/molecules26040828
https://doi.org/10.3390/molecules26040828
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1016/j.plefa.2016.12.001
https://doi.org/10.1371/journal.pone.0029032
https://doi.org/10.1371/journal.pone.0029032
https://doi.org/10.1038/mi.2017.27
https://doi.org/10.3389/fcimb.2019.00446
https://doi.org/10.1136/gut.48.4.571
https://doi.org/10.1098/rsob.170024
https://doi.org/10.1039/C8NR09599J


Figure S1 : BCFAs trigger hyperSUMOylation of intestinal proteins in T84 cells

A, Immunoblot analysis of SUMO2/3-conjugated proteins in T84 cells incubated with isobutyric 
acid (IBic) or isovaleric acid (IVic) for 1 or 5 h. B, Quantification of SUMO2/3-conjugated proteins. 
Values are expressed as fold-change versus untreated cells (mean ± s.e.m.; n=5; *, P<0.05 
versus untreated cells; One-way ANOVA, with Dunnett’s correction).
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Figure S2 : 2-methyl-butyric acid triggers hyperSUMOylation of intestinal proteins in CACO2 and T84 cells
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A, Immunoblot analysis of SUMO2/3-conjugated proteins and actin levels in CACO2 (top) and T84 (bottom) cells 
incubated with 2-methyl-butyric acid (2mButic) for 1 or 5 h. B, Quantification of SUMO2/3-conjugated proteins. 
Values are expressed as fold-change versus untreated cells (mean ± s.e.m.; n=4-5; *, P<0.05 versus untreated 
cells; One-way ANOVA, with Dunnett’s correction).
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Figure S3 : Viability of CACO2 and T84 cells incubated with BCFAs or acidic pH

A, Viability of CACO2 and T84 cells incubated for 5h with increasing concentrations of BCFAs (mean ± 
s.d.; n=3-5; NS, not significant; One-way ANOVA, with Dunnett’s correction). B, Viability of CACO2 and 
T84 cells incubated for 5h in culture media with pH ranging from 5 to 7.5 (mean ± s.d.; n=4; NS, not 
significant; One-way ANOVA, with Dunnett’s correction).
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Figure S4 : The hyperSUMOylation triggered by isovaleric acid in CACO2 cells is reversible
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A, Immunoblot analysis of SUMO2/3-conjugated proteins in CACO2 cells incubated with 5 mM 
isovaleric acid (IVic) for 1h and then washed and incubated in culture medium for 1 or 4h. B, 
Quantification of SUMO2/3-conjugated proteins. Values are expressed as fold-change versus 
untreated cells (mean ± s.e.m.; n=4; *, P<0.05 versus untreated cells; One-way ANOVA, with 
Dunnett’s correction).
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Figure S5 : pH-dependent induction of hyperSUMOylation
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A, Evaluation of intracellular pH in T84 cells loaded with BCECF-AM and incubated with various 
concentrations of isobutyric acid (IBic) or isovaleric acid (IVic). Values are expressed as ratio of 
fluorescence intensities after excitation at 490 or 440 nm (mean ± s.d.; n=3; ***, P<0.001 versus 
untreated cells; One-way ANOVA, with Dunnett’s correction). B, Evaluation of intracellular pH in 
T84 cells loaded with BCECF-AM and incubated with various concentrations of isovaleric acid 
(IVic) or in culture medium at definite pH (mean ± s.d.; n=3; *, P<0.05; two-tailed Student’s t-test). 
C, Immunoblot analysis of SUMO2/3-conjugated proteins in CACO2 cells incubated for 5h in 
culture media with pH ranging from 5.0 to 7.5. D, Quantification of SUMO2/3-conjugated proteins. 
Values are expressed as fold-change versus untreated cells (mean ± s.e.m.; n=5-9; ***, P<0.001 
versus pH 7.5; One-way ANOVA, with Dunnett’s correction). 
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Actin

A, Immunoblot analysis of ZNF451, UBC9, SAE1, SAE2 and actin levels in CACO2 cells 
incubated for 5h in culture media with pH ranging from 5.0 to 7.5. B, Quantification of protein 
levels. Values are expressed as fold-change versus untreated cells (mean ± s.e.m.; n=3; NS, not 
significant versus pH 7.5; One-way ANOVA, with Dunnett’s correction).
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Figure S6 : Acidic pH does not modify the level of enzymes involved in SUMO conjugation
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Figure S7 : BCFAs inhibit intestinal T84 cell deSUMOylases
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DeSUMOylase activities, expressed as percentage of untreated cells, in T84 cells, treated or not with 
isobutyric acid (IBic) or isovaleric acid (IVic), for 1h (left) or 5h (right) (mean ± s.e.m.; n=3-5; *, P<0.05; 
**, P<0.01 versus CTRL; One-way ANOVA, with Dunnett’s correction).
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Figure S8 : BCFAs do not alter the expression levels of E1 and E2 SUMO enzymes

A, Immunoblot analysis of SAE1, SAE2, UBC9 and actin levels in CACO2 cells incubated 
for 1 or 5 h with 1 or 5 mM isobutyric acid (IBic) or isovaleric acid (IVic). B, Quantification 
of SAE1, SAE2 and UBC9 levels. Values are expressed as fold-change versus untreated 
cells (mean ± s.e.m.; n=3; One-way ANOVA, with Dunnett’s correction).
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Figure S9 : SCFAs/BCFAs do not affect Cullin-1 neddylation in CACO2 cells

A, Immunoblot analysis of Cullin-1 levels in CACO2 and HeLa cells incubated with 5 mM BCFAs or 
SCFAs. B, Quantification of the percentage of neddylated Cullin-1 in each condition (mean ± s.d.; n=3; 
NS, not significant; **, P<0.01 vs CTRL; One-way ANOVA, with Dunnett’s correction) (IBic, isobutyric 
acid; IVic, isovaleric acid; Butic, butyric acid).
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Figure S10 : Graphical summary

Dietary fibers and proteins are metabolized by gut bacteria into short chain fatty acids 
(SCFAs) and branched chain fatty acids (BCFAs), respectively. The acidic forms of 
SCFAs/BCFAs can cross the plasma membrane of intestinal cells and trigger the 
production of reactive oxygen species (ROS), which inhibit cell deSUMOylases (SENPs). 
This inhibition shifts the equilibrium of SUMO conjugation/deconjugation reactions and 
results in the accumulation of SUMO-conjugated proteins in the nucleus. The 
hyperSUMOylation triggered by SCFAs/BCFAs is associated with a decrease in intestinal 
cell responses to pro-inflammatory stimuli and promotes intestinal barrier integrity.
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Supplementary Table S1: Primary and secondary antibody information. 

 
Targeted Protein Assay (dilution) Species Source Reference 
Actin WB (1:10,000) Mouse Sigma-Aldrich R5441 

Cullin-1 WB (1:1,000) Rabbit Cell Signaling 
Technology 

#4995 

GAPDH WB (1:5,000) Goat Sigma-Aldrich SAB2500451 

IkBa WB (1:1,000) Rabbit Cell Signaling 
Technology 

#9242 

Lamin B1 WB (1:1,000) Rabbit Cell Signaling 
Technology 

D4Q4Z; #12586 

RanGAP1 WB (1:1,000) Rabbit Sigma-Aldrich R0155 

SAE1 WB (1:1,000) Rabbit Cell Signaling 
Technology 

#13585 

SAE2 WB (1:1,000) Rabbit Cell Signaling 
Technology 

D15C11; #8688 

Sp1 WB (1:1,000) Rabbit Cell Signaling 
Technology 

D4C3 ; #9389 

SUMO1 WB (1:1,000) Rabbit Home-made R204 (p) (Ribet, D. 
et al., 2017) 

SUMO3 WB (1:5,000) Rabbit Home-made R205 (is2) (Ribet, 
D. et al., 2017) 

Tubulin a WB (1:1,000) Mouse Cell Signaling 
Technology 

DM1A; #3873 

UBC9 WB (1:1,000) Mouse BD Biosciences 610748 

ZNF451 WB (1:1,000) Rabbit Thermo Scientific PA5116621 

Rabbit IgG (H+L) WB (1:5,000) Goat Abliance HRP-conjugated; 
BI 2407 

Mouse IgG (H+L) WB (1:5,000) Goat Abliance HRP-conjugated; 
BI 2413C 

Goat IgG (H+L) WB (1:5,000) Rabbit Dakocytomation HRP-conjugated; 
P0160 

 
 
Ribet, D. et al. Promyelocytic Leukemia Protein (PML) controls Listeria monocytogenes infection. mBio 
8:e02179-16 (2017). 
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