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Abstract

Neutrophils represent the first line of host cellular defense against various pathogens. The most recently described
microbicidal mechanism of these cells is the release of neutrophil extracellular traps (NET). Currently, a wide range
of chemical and biological stimuli are known to induce this response; however, the effect of short-chain fatty acids
(SCFAs) on the induction of NET is still unknown. SCFAs are produced mainly by bacterial fermentation of dietary
fiber and are found in host tissues and blood. This study aimed to determine whether physiological levels of SCFAs
can induce the formation of NET. Previously reported concentrations of SCFAs (as found in the colonic lumen and
peripheral blood in postprandial and basal states) were used to stimulate the neutrophils. In order to determine the
signaling pathway utilized by SCFAs, we tested the inhibition of the Free Fatty Acid 2 Receptor (FFA2R) expressed
in neutrophils using CATPB, the inhibitor of FFA2R, genistein, an inhibitor of the downstream Ga/ql | proteins and
DPI, an inhibitor of the NADPH oxidase complex. The SCFAs at colonic intestinal lumen concentrations were able
to induce the formation of NET, and when tested at concentrations found in the peripheral blood, only acetic acid
at 100 uM (fasting equivalent) and 700 uM (postprandial equivalent) was found to induce the formation of NET. The
administration of the competitive inhibitor against the receptor or blockade of relevant G protein signaling and the
inhibition of NADPH oxidase complex decreased NET release. SCFAs stimulate NET formation in vitro and this effect
is mediated, in part, by the FFA2R.
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Introduction

Fatty acids that have between two to six carbon
atoms in their structure are called short-chain fatty
acids (SCFAs). Acetic, propionic, and butyric acid
make up more than 95% of the total SCFAs in the
intestinal lumen.! These organic acids are produced
exogenously by the bacterial fermentation of car-
bohydrates and proteins that escape digestion and
absorption in the small intestine, and are endoge-
nously formed by lipid oxidation and the metabo-
lism of branched-chain amino acids.> Therefore,
amounts of SCFAs vary in the intestinal lumen and
circulation depending on an individual’s diet, intes-
tinal microbiota, and metabolism.>* SCFAs are of
great importance due to their ability to not only
modulate energy and endocrine response but also
regulate immune cell function.'

Neutrophils belong to the initial line of immuno-
logical defense, and represent 60% to 70% of the
total leukocytes in peripheral blood.® SCFAs have
been shown to be involved in cellular migration,
cytokine expression, apoptosis, and increases in
cytosolic calcium flow.”!° The function of neutro-
phils in the presence of SCFAs varies according to
the concentration, combination, and proportion of
these acids. Their modulating effects on cells can
be direct, through the activation of specific SCFAs
receptors (Free fatty acid receptors, FFAR)’ or via
histone deacetylase (HDAC),!! or indirect, through
the modification of extracellular pH.!?

The most recently reported microbicidal mecha-
nism of neutrophils is the formation of neutrophil
extracellular traps (NET).!* NET formation involves
the release of chromatin structures in the form of an
extracellular network containing nuclear or mito-
chondrial DNA, which is associated with microbi-
cidal peptides; the objective of these structures is to
trap pathogens and prevent their spread in the organ-
ism. The sequential steps of the molecular mecha-
nism that induces NET formation involve the
following: recognition of a stimulus by the recep-
tors, production of reactive oxygen species (ROS),
activation of the Raf-MEK-Erk pathway (Raf;
Proto-oncogene serine/threonine-protein  kinase,
MEK; Mitogen-activated protein kinase kinase,
Erk; Extracellular-signal-regulated kinase),'* trans-
location of elastase and myeloperoxidase into the
nucleus, disassembly of nuclear membrane,” dis-
persion and mixing of chromatin with cytoplasmic
components, and finally the rupture of cytoplasmic

membrane leading to the extracellular release of
DNA associated with antimicrobial peptides.'®!”
Depending on the stimulus, NET may require an
increase of intracellular Ca®>" and activation of the
peptidyl arginine deiminase 4 (PAD4) enzyme.'®!?
The NET formation is a mechanism that is exac-
erbated by chronic inflammatory processes and
autoimmune or metabolic complications.?*?! When
the formation of NET does not occur, or its micro-
bicidal capacity is insufficient, a greater vulnera-
bility to recurrent bacterial or fungal infection is
observed.?? In diabetes, for example, there is a
defect in the formation of NET; this leads to recur-
rent secondary bacterial or fungal complications.?’
Although the SCFAs can activate neutrophils,
their role in the modulation of NET remains
unknown. In the intestinal lumen, there are milli-
molar concentrations of SCFAs,?* while the amount
is much lower in the peripheral blood.?>?® The
objective of this study is to determine the effect of
physiological concentrations of SCFAs on NET
induction and whether FFA2R mediates this effect.

Materials and methods

Reagents

The following reagents were used in this study:
0.9% physiological saline solution (Solution
sodium chloride 0.9%; PiSA®, Guadalajara,
Meéxico), sterile-filtered density gradient solu-
tion1.077 g/mL (10771, Sigma Aldrich, Milwaukee,
WS, USA), and 1.119g/mL (Histopaque®-1119,
Sigma Aldrich), calcium ionophore (A23187;
Sigma Aldrich), CATBP ((S)-3-(2-(3-chlorophenyl)
acetamido)-4-(4-(trifluoromethyl) phenyl) butanoic
acid (SML1782 Sigma Aldrich), genistein
(4',5,7-trihydroxyisoflavone, 5,7-dihydroxy-3-(4-
hydroxyphenyl)-4H-1-benzopyran-4-one (G6649,
Sigma Aldrich), DAPI (2-(4-Amidino Phenyl)-6-
indolecarbamidine dihydrochloride, 4',6-Diamidino
-2-phenylindole dihydrochloride) (D9542, Sigma
Aldrich), DPI (Diphenyleneiodonium chloride)
(D2926, Sigma Aldrich), DNAse I (AMPD1, Sigma
Aldrich), Poly-L-lysine solution (P8920; Sigma
Aldrich), and acetic acid, propionic acid, and
butyric acid (A6283, 402907, B103500, Sigma
Aldrich). SYTOX® Green (S7020; Thermo Fisher
Scientific, Waltham, MA, USA), anti-neutrophil
elastase antibody (ab21595; abcam, Cambridge,
LDN, UK), and the secondary antibody (ab150077;
abcam).
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Table I. Physiological concentration of SCFAs for induction
of NET.

SCFAs Peripheral blood (uM) Intestinal
lumen (mM)
Fasting Postprandial
Acetic acid 100 700 60
Propionic acid 4 80 20
Butyric acid 2 20 20

Neutrophil isolation

The study protocol was approved by the Research
and Research Ethics Committee of the University
Center for Health Sciences under the approval
number, CI-03319. Written informed consent was
obtained from all participants prior to sample col-
lection, in accordance with the ethical guidelines
of the 2013 Helsinki Declaration. Peripheral blood
from clinically healthy subjects was collected in
tubes with EDTA, and neutrophils were isolated by
using a Ficoll Histopaque 1119/1077 density gradi-
ent (Sigma Aldrich) according to the manufactur-
er’sinstructions. First, alayer of 3 mL of Histopaque
1119 was placed (density: 1.119 g/mL) followed by
the careful addition of 3mL of Histopaque 1077
(density: 1.077 g/mL), and finally 6 mL of periph-
eral blood. To achieve the separation of cells, the
solution was centrifuged at 700g for 30 min. The
ring of granulocytes was taken and subsequently
washed by centrifugation at 300 g for 10 min and
resuspended in physiological saline solution. We
evaluated the cell count and viability (>95%) in a
Neubauer chamber using trypan blue.

Stimulation of NET with SCFAs

As a positive control for NET formation in vitro,
we used 20uM calcium ionophore. We used
250,000 neutrophils/mL that were freshly extracted
and isolated for each sample. The standard medium
of these experiments was 0.9% physiological saline
solution with pH adjusted to 7.35 using NaOH.

We prepared acetic, butyric, and propionic acid
in the physiological concentrations previously
reported: intestinal lumen* as well as peripheral
blood in fasting®® and postprandial state*® (see
Table 1). The pH of SCFAs solution was adjusted
with NaOH to 7.35. The same experiments were
carried at a pH of 6.00. Once the stimulus was
added, the cells were incubated for 3h at 37°C
and 5% CO2.

Competitive inhibition of FFA2R in neutrophils

Neutrophils were incubated with different inhibi-
tors for the FFA2R and NADPH oxidase complex
to determine if it has any role in the induction of
NET by SCFAs. We used CATPB (500nM), as an
antagonist of the active site of the receptor,?”-*8
genistein (100nM) to inhibit the phosphorylation
of Ga/qll proteins, which is necessary for intra-
cellular signaling of FFA2R,? and DPI (10 uM) as
an inhibitor of the Heme groups and FAD of the
NADPH oxidase complex.? We incubated the neu-
trophils with each inhibitor 1 h before the induction
of NET with SCFAs as described in section
“Stimulation of NET with SCFAs.”

Staining of NET and microscopy

We prepared each sample in Petri dishes contain-
ing a round coverslip, which was washed and
treated with poly-L-lysine to induce cell adher-
ence. To the Petri dishes, we then added 1 mL of
the corresponding stimuli in the conditions indi-
cated in sections “Stimulation of NET with SCFAs”
and “Competitive inhibition of FFA2R in neutro-
phils” and fixed the cells with 4% paraformalde-
hyde for 20 min. We stained the sample with DAPI
(1 pg/mL) with an incubation time of 1h at room
temperature. We performed elastase staining using
a specific procedure that has been previously
described by Agraz-Cibrian et al.*° Briefly, after
staining with DAPI, we performed two washes
with PBS and incubated the samples with 0.5%
Triton for 1 min at room temperature to permeabi-
lize the cells. The coverslips were washed three
times, and the primary anti-clastase antibody
(ab21595, abcam) at a dilution of 1:500 in block-
ing solution was added followed by incubation for
1h at 37°C. The coverslips were again washed
three times, and the secondary antibody (ab150077
Goat anti-rabbit IgG H&L, abcam) at a dilution of
1:1000 in blocking solution was added followed by
incubation for 1h at 37°C. Finally, the coverslips
were observed, and images captured using a fluo-
rescence microscope at 488 nm (Carl ZEISS AXIO
Imager 2, Germany).

NET quantification

In each well of a 24-well plate (costar® 3524),
250,000 neutrophils were added in a volume of
I mL along with each of the evaluated stimuli, as



International Journal of Immunopathology and Pharmacology

noted above. The plates were incubated for 3h at
37°C and 5% CO2. After the incubation, the sam-
ples were centrifuged at 300g for 10min, and a
volume of 750 uL of supernatant was discarded
from each well. Next, 1 unit/well of DNAse I was
added, and the plate was incubated for 30 min.
After this, the plate was centrifuged at 300g for
10min, and then 300 puL of the supernatant from
each well was transferred to a dark 96-well plate.
Each well of this new plate was added with 5mM
of SYTOX® Green and the plate was incubated at
room temperature for 15 min. Quantification of the
DNA/NET signals was performed using fluorom-
etry. Fluorescence readings were realized using a
Biotek Synergy HTX plate reader with 485nm
excitation/527 nm emission filters.

Statistics

All the experiments were performed at least twice
with individual conditions repeated in duplicate or
triplicate wells (specifics noted in the text for each
experiment). For the calculation of the sample size
we used the formula for two means. A unilateral
hypothesis, error of 0.05 and 90% statistical power
were proposed because the K value was 8.6. The
standard deviation data and the mean value for the
formula were obtained from our pilot study and
Bukina et al.; using the above, giving n=3.%"!

Data were compared with the untreated control.
The analysis was done with the package of the
GraphPad Prism 6 program, version 6.0c. We uti-
lized non-parametric statistical analysis. The
Kruskal-Wallis and Dunn’s test were used to ana-
lyze the experiments showing the effect of SCFAs
on NET induction. The Mann-Whitney U test was
used to analyze the rest of the experiments showing
the regulation of inhibitors. For all the experiments,
P <0.05 was considered statistically significant.

Results

Intestinal concentrations of SCFAs stimulate the
formation of NET

Each of the SCFAs administered at intestinal con-
centrations was able to induce the formation of
NET. Acetic acid at 60 mM induced a more signifi-
cant release of NET, as can be observed in the fluo-
rescence microscopy analysis (Figure 1(a)) and
through the quantification of the DNA released by
fluorometry (Figure 2(a)).

Acetic acid at peripheral blood concentration
can induce the formation of NET

We used the concentrations previously reported in
peripheral blood in postprandial and fasting condi-
tions to induce NET formation (Figure 1(b) and
(c)). A significant effect was observed only when
using acetic acid at postprandial (P <0.01) (Figure
2(b)) and fasting peripheral blood concentrations
(P<0.001) (Figure2(c)).

NET induction by SCFAs is affected by pH

Khan et al.* reported that spontaneous NET induc-
tion occurs when neutrophils are incubated at an
alkaline pH of 7.8, whereas an acidic pH of 6.0
prevents NET induction.®* To determine if the
decrease in pH affects the formation of SCFAs-
induced NET, we used a 100 uM stimulus of acetic
acid at pH 6.0 and 7.35 adjusted with NaOH. Our
results showed a significant decrease in the NET
induction by acetic acid at pH 6.0 when compared
to the induction of NET with acetic acid at pH 7.35.
In these experiments NET induction was decreased
up to 85% (P < 0.05%), suggesting that the pH reg-
ulates the induction of NET by SCFAs (Figure 3).

SCFAs induce NET through the FFA2R and
NADPH oxidase activity

To investigate whether the induction of NET by
acetic acid is dependent upon FFA2R, CATPB was
used as an antagonist of the active site of the recep-
tor, genistein was used as an inhibitor of its intra-
cellular signaling pathway, and DPI to block the
NADPH oxidase activity. Our results showed that
pre- incubation of neutrophils with CATPB resulted
in a 2.4-fold decrease in the production of NET
induced by 100uM acetic acid (Figure 4(a)).
Similarly, the pre-incubation of neutrophil with
genistein inhibited the formation of NET by up to
2.5-fold (Figure 4(b)). Moreover, the pre-incuba-
tion with DPI showed 2.2-fold decrease in the NET
production (Figure 4(c)).

Discussion

In this study, to the best of our knowledge, we dem-
onstrated for the first time that SCFAs can induce the
release of NET. The proportion and number of bacte-
ria in the gut microbiota determine the amount of
SCFAs and their proportion.! Diverse pathologies
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Figure 1. SCFAs stimulate the formation of NET. The SCFAs at a millimolar concentration in the gut (see Table I) induce the
formation of NET (a) in greater proportions than the micromolar concentration in the peripheral blood in the postprandial state
(b) and fasting state (c). The neutrophils were fixed and stained using DAPI for DNA (blue color) and anti-elastase antibody for
elastase (green color). The images are representative of four independent experiments for each stimulus. Fluorescence microscopy
images are at 40X magnification. Negative control was SSF and positive control was calcium ionophore (20 uM).
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Figure 2. Quantification of DNA/NET induced by SCFAs. A
greater effect on NET formation was observed in response to
intestinal concentrations of acetic acid, 60mM (**P<<0.001);
butyric acid, 20mM (*P < 0.5); and propionic acid, 20mM
(**P<<0.01) compared to the negative control (a). Acetic

acid preserved this effect at the blood concentration in
peripheral blood; 700 uM in the postprandial state (**P<<0.01)
(b) and 100 uM in the fasting state (***P<<0.001) (c). Each

bar represents the average * SD of seven independent
experiments; each experiment was performed in duplicate; the
statistical analysis was performed with the Kruskal-Wallis test
and Dunn’s test. Negative control was SSF and positive control
was calcium ionophore (20 uM).
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Figure 3. The induction of NET by SCFAs is modified by the
pH. The percentage of NET released in response to 100 uM
acetic acid when using the acid medium of pH 6.0 decreased
significantly (***P<<0.001) compared to that when using a
medium with pH 7.35; it was reported in Relative Fluorescence
Units (RFU). Each bar represents the mean * SD of four
independent experiments in duplicate and was analyzed using
Mann-Whitney U test.

such as obesity,** metabolic syndrome,*® systemic

lupus erythematosus,*® and salmonellosis®” are char-
acterized by secondary symptoms known as intesti-
nal dysbiosis, where the proportion and quantity of
bacterial groups are altered and therefore, the pro-
duction of SCFAs is likewise perturbed. Of the gut
microbiota, the phylum Bacteroidetes is the primary
producer of acetate and propionate, while the phy-
lum Firmicutes produces mostly butyrate.!

Similar to our study, Carretta et al. in 2016 used
700 uM of butyric acid to induce NET formation in
cells from ruminants. Additionally, this effect was
associated with the activation of inflammatory pro-
cesses in sub-acute ruminal acidosis in cattle; spe-
cifically, this group observed an effect on cellular
activation and increases in intracellular calcium
flow, ROS production, and the release of primary
and secondary granule contents. The sum of their
results suggested that butyric acid could contribute
to the inflammatory response observed during
digestive disorders in cattle that have high concen-
trations of butyric acid in the rumen.?®

In another study, working with rats, Bukina et al.
in 2018 showed that the administration of a probi-
otic strain of B. fragilis after previous treatment
with vancomycin in the context of infection with S.
typhimurium, led to the recovery of production of
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Figure 4. SCFAs induce NET formation through FFA2R

and NADPH oxidase complex. The competitive inhibitor of
FFA2R, CATPB, caused the inhibition of NET by acetic acid
(*P<<0.05) (). Under similar conditions of stimuli, the inhibitor
of G protein, genistein, led to a diminution of NET formation
(*P<0.05) (b), and the inhibitor of NADPH oxidase complex,
DPI, showed a decrease on NET production (*P<<0.05) (c). It
was reported in Relative Fluorescence Units (RFU). Each bar
represents the mean = SD of three independent experiments
in duplicate, and was analyzed using the Mann-Whitney U test.

SCFAs and in turn increased the formation of NET
in the blood and intestine.!

It has been reported that pH regulates several
neutrophil functions, such as phagocytosis, ROS
production, cell migration, and NET production.?>3
For this reason, we tested whether the pH could
affect the formation of NET via SCFAs.

In this study, we demonstrated that acetic acid,
even at 100 uM (peripheral blood concentration in
the fasting state), serves as a stimulus for the in
vitro formation of NET at pH 7.35; however, when
we use an acidic pH of 6.0, NET production was
decreased by up to 85%. Similarly, in a 2006 study,
a pH shift from 6.7 to 5.5 during neutrophil stimu-
lation with SCFAs decreased ROS by 85%.°

In line with the above, in 2016, Maueroder et al.
proposed a potential in vivo model in an environ-
ment of local inflammation that hypothesized that
NET are triggered only in situations of neutral and
alkaline pH. The idea is that a pH gradient is
formed in the inflamed area that is acidic at the
center and is alkaline at the edges. The formation
of NET would occur at the edges of the inflamed
area, thereby forming a barrier and preventing the
invasion of pathogens or the dissemination of
molecular patterns associated with damage; mean-
while, in the acidic center, pathogens could still be
phagocytosed and destroyed, as these are functions
that are not inhibited at an acidic pH.*

Khan et al. demonstrated that histone cleavage by
granular proteases was more active at a higher pH.>
On the other hand, the data obtained by Behnen
et al. suggest that the inhibition of NET formation in
acidic conditions is due to limited production of
ROS and reduced glycolytic capacity.

The weak organic acids can be found in an ion-
ized or non-ionized form, and their solubility,
transport, or binding to receptors depends on this.
Acetic acid has a pKa=4.8, and at physiological
pH, it is mainly in its ionized form unable to cross
membranes, and would require a receptor to carry
out intracellular signaling. We performed experi-
ments with lactic acid. This molecule has three car-
bons in its structure, like propionic acid, and
pKA=3.86 near to the pKa=4.8 of acetic acid.
Moreover, lactic acid is produced by bacteria, like
SCFA, and also in muscle cells in anaerobic condi-
tions. The concentration used was 34 mM, similar
to Hartmann Solution utilized intravenously in
humans. Lactic Acid did not stimulate NETs for-
mation (data not shown).

Therefore, we demonstrated that SCFAs induce
NET formation and that is in part, modulated by
the FFA2R. Using CATPB as an inhibitor of
FFA2R, the NET formation decreased by 2.4 times
induced by using the stimuli of acetic acid at
100 uM. Bjorkman et al.?® showed the participa-
tion of FFA2R in neutrophils by demonstrating the
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increment of cytosolic calcium induced by ago-
nists of FFA2R, acetic acid at 10mM or Cmpl.
This effect was blocked by CATPB; moreover,
FFAZ2R is an orphan receptor and it needs to be
coupled to G proteins to carry out its function. The
pre-incubation of neutrophils with genistein, an
inhibitor of Ga/ql1 proteins, inhibited the forma-
tion of NET by up to 2.5-fold, thereby supporting
the probable pathway induction of SCFAs, but the
microenvironment is important too. In 2012, Paria
Mirmonsef showed that only high concentrations
of SCFAs (20mM) induced the release of pro-
inflammatory neutrophil cytokines in vitro; how-
ever, when cells were stimulated with combinations
of ligands to TLR2 (Toll-like receptor 2) and
TLR7 (Toll-like receptor 7), the production of
cytokines was observed at SCFA concentrations of
0.02 to 2mM.4!

In the other hand, we used DPI an inhibitor of
NADPH oxidase complex, to demonstrate that the
released DNA upon acetic acid 100 uM stimulation
is due to NET formation and not any other type of
cell death, we observed a decrease of 2.2 times in
NET formation, showing that SCFA need ROS for
the release of NET.

It would be interesting to determine what com-
binations of different types of endotoxins, antioxi-
dants, and pro-inflammatory cytokines could be
developed to regulate or prime SCFA-induced
NET formation. To fully understand this system, it
will also be important to study the roles of other
actors, such as the calcium chelator, BAPTA, a
known inhibitor of NETs; Pertussis toxin, which
inhibits the phosphorylation of the protein Ga/q11;
and Cmpl1, the FFAR2 agonist.

Our results showed that peripheral blood con-
centrations of acetic acid could induce the forma-
tion of NET in vitro. We suggest that our in vitro
experiments do not directly translate to what hap-
pens in vivo, for if physiological levels of acetic
acid induce NET formation even at fasting blood
concentrations, this would present a problem at a
systemic level with significant inflammatory
immune consequences. Thus, we suspect that a
more complicated interplay of additional mecha-
nisms that constantly regulate the release of NET
must exist. In this regard, inhibitory components
of NET have recently been found in the serum.
Some of these are currently the subject of new pat-
ent proposals, such as the neonatal NET inhibiting
factor (nNIF) and related peptides (NRP), which

are present in umbilical cord blood, the placenta,
and the plasma of healthy adults.*> We also con-
sider that other serum components, such as albu-
min, cytokines or antioxidants, could play an
important role in moderating the neutrophil
response. It has been suggested that antioxidants
in human serum control, at least in part, NET
formation.* On the other hand, cytokines, such as
IL-1B, IL-8 and TNF-a, have been shown to stim-
ulate NET formation.?®* The interplay of these
various molecules together with SCFA has yet to
be demonstrated, and will be one of the goals of
our future investigations.

Ohbuchi in 2018 showed that acetic acid alone
does not induce NET formation in vitro; in fact, ace-
tic acid was capable of moderately inhibiting the
formation of NET induced by phorbol 12-myristate
13-acetate (PMA).** It appears that this study find-
ing contradicts with our results; however, they used
5% inactivated autologous serum for the incubation
of neutrophil and RPMI as the culture medium. In
our study, RPMI spontaneously produced NETs
(data not shown), as reported by Kamoshida, 2017.4
The 0.9% physiological saline solution at pH 7.35
showed a null effect on NET formation and did not
affect cell viability; moreover, the response to LPS
and ionomycin in our controls was adequate. We
used physiological saline solution without serum to
investigate the interaction between the SCFA and its
receptor without interference from other compo-
nents in the solution.

Conclusion

In this study, we demonstrate for the first time that
SCFAs induce the formation of NET when neutro-
phils are exposed to the intestinal physiological
concentrations of these acids. Additionally, acetic
acid induced NET even at baseline blood concen-
tration. In future studies we propose to conduct
experiments aimed at finding components, micro-
environmental conditions, and mechanisms that
may prevent the formation of NET in response to
endogenous stimuli.
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