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Fatty acids (FAs) play important roles as membrane components and signal transduction molecules.
Changes in short chain FA (SCFA) composition are associated with gut microbiota modifications.
However, the effect of bacteria-driven changes on the detailed FA spectrum has not been explored
yet. We investigated the effect of antibiotics (ABx) and/or probiotics, in four treatment groups on
rat stool FA composition. Principal component analysis indicated that the chromatogram profiles of
the treatment groups differ, which was also observed at different time points. Linear mixed effects
models showed that in the parameters compared (sampling times, treatments. and their interactions),
both the weight percentage and the concentration of FAs were affected by ABx and probiotic
administration. This study found that the gut microbiome defines trans and branched saturated FAs,
most saturated FAs, and unsaturated FAs with less carbon atoms. These results are among the first
ones to demonstrate the restoring effects of a probiotic mixture on a substantial part of the altered
total FA spectrum, and also revealed a previously unknown relationship between gut bacteria and a
larger group of FAs. These findings suggest that intestinal bacteria produce not only SCFAs but also
other FAs that may affect the host’s physiological processes.

Abbreviations

ABx Antibiotics

ALA Alpha-linolenic acid
CNS Central nervous system
FA Fatty acids

FAME Fatty acid methyl ester
GC Gas chromatograph

GI Gastrointestinal

LCPUFA Long chain polyunsaturated fatty acid
MUFA Monounsaturated fatty acid

PCA Principal component analysis
PCs Principal components
PM Probiotic mixture

PUFAs Polyunsaturated fatty acids
REML Restricted maximum likelihood
SAT Saturated fatty acids

SCFAs Short-chain fatty acids

Fatty acids (FA) are important constituents of all multicellular organisms, primarily as components of the phos-
pholipid bilayers of the cell membranes, and they also have an essential role in normal growth and development.
In general, they have a hydrocarbon chain with a carboxyl group at one end and a methyl group at the other
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with chain lengths ranging from 2 and close to 30. These chains may be presented in two main forms: saturated
fatty acids (SAT) are loaded with hydrogen containing only C-C single bonds and unsaturated fatty acids which
contain at least one double bond!?. Both saturated and unsaturated FAs are elementary nutrients and as com-
ponents of triacylglycerols they also serve as major energy stores. Branched-chain fatty acids are synthesized by
microorganisms (mainly bacteria) from branched-chain amino acids and therefore, they can be mainly found
in bacterial membranes, or ruminant-derived lipids, e.g. milk or dairy products®. Depending on their various
structures they have unique biological properties and as part of different lipid classes they play central role of
diverse physiological processes including lipid and energy metabolism, endothelial functions, homeostatic and
inflammatory responses along with having central role in functioning the central nervous system (CNS)-7,

The intestinal microbiome is a collection of highly diverse microbial communities that provide the host with
a broad range of fundamental functions, including protection from pathogens, impact the host physiology via
metabolites and shaping the activity of the adaptive immune system. The relationship between FAs and the gut
microbiome is thought to be bidirectional: the dietary FA intake can influence the type and abundance of gut
microbes, while the microbiome also affects the metabolism and absorption of dietary fatty acids®®. Previous
studies have shown that diets differing only in FA composition (high SAT, high monounsaturated fatty acid
(MUFA) or high polyunsaturated fatty acid (PUFA) content) are able to efficiently influence the distribution of
intestinal microbial populations (as phylum and family levels)'®!*.

While the effect of diets containing different types of FAs on the microbiota has been extensively studied!!~'*,
wide-ranging research on the effects of gut microbes on fatty acids are comparatively scarce. Changes in the
microbiome can be caused by alterations in the FA profile, however, these studies focus mostly on the short-
chain fatty acids (SCFAs)!. Intestinal bacteria could also be able to influence the host FA profile in different
tissues since some commensal bacteria can generate bioactive isomers: for instance, conjugated linoleic acid can
be produced by Lactobacilli®!® and Bifidobacteria'>'¢ or can produce trans fatty acids, such as vaccenic acid'>"’.
Furthermore, altered gut microbiota, in particular the genera Prevotella, Lactobacillus and Alistipes can increase
capacity to produce saturated long chain FAs and thus affect gut motility'®. During fermentation of nondi-
gestible carbohydrates, the gastrointestinal (GI) microbiota produces a wide range of secondary metabolites,
among others SCFAs (acetate, propionate, and butyrate)'**’. However, protein fermentation can also contribute
to the SCFAs production, but these are mostly branched-chain FAs such as isobutyrate, 2-methylbutyrate and
isovalerate®'1?122, SCFAs can have diverse functions, like providing energy for both the microbiota and the
enterocytes®. In addition, SCFAs could enter the circulation and exert their additional health-promoting ben-
efits to the host acting as secondary messengers that regulate gene expression and stimulate gut peptides and
hormones**? and they are able to cross the blood-brain barrier®. The effect of gut microbiota via the SCFAs is
therefore not restricted to the GI tract. Recent research showed that changes in gut microbiota could affect the
host physiological, behavioral, and cognitive functions**-?¢, and therefore there is an emerging need to understand
the complex effects of the relationship between the specific composition and activity of gut microbiota (at phyla,
genus or species level) and the CNS of the host.

The composition and function of the GI microbiota is profoundly influenced by a variety of environmental
factors such as genetics of the host, age, smoking, diet, exercise, mode of delivery, geographic location, synthetic
chemicals, and antibiotic intake?”-?®, Furthermore, there are other modulations which can be carried out via
dietary interventions, antibiotics (ABx) administration, supplementation of probiotics and fecal microbiota
transplantation®, which all have a capacity to highly modulate the composition of the gut microbiota. Both
prebiotics (non-digestible food ingredients which can selectively stimulate the growth and/or activity of ben-
eficial bacteria), probiotics (non-pathogenic microbes which have beneficial effects on host) and ABx affect the
composition of the gut microbiota without directly affecting the FAs in the gut®®*'. Therefore, the changes in
host FAs that occur because of the above-mentioned factors are likely to be directly related to the microbiome.
These interventions could selectively modulate the microbiome composition depending on the combination
of probiotic or prebiotic or the ABx class, dose, and the period of exposure®®*2. These microbiome influencing
factors provide an opportunity to study the aspects of the modifications of the GI bacteria and the influence of
these to the host physiology including immune system, metabolism pathways, hormone activation and behavior®.
Since the literature has mainly focused on the effect of ABx and probiotic treatment on the concentration of
fecal SCFAs**-¢, but to the best of our knowledge the amount of longer chain and trans isomers in feces has not
yet been investigated, our aim in the present study was to determine the total FA spectrum. Therefore, the rats
were given probiotics, ABx and a combination of these to carry out bacterial alterations without modifying the
FA profile of the diet. Our further aim was to compare the time course effects of the different treatments on the
total FA spectrum of feces (relative and absolute concentrations of short chain, branched chain, saturated, trans
and cis mono- and polyunsaturated FAs) via gut bacteria.

Results

Changes in the fecal fatty acid composition

The fatty acid composition of fecal samples from four different study groups (Control, ABx, ABx followed by
Probiotics, Probiotics) was analyzed before (1st sample), during (2nd sample) and at the end of the treatments
(3rd sample), at a total of three time points per group (Fig. 1). While analyzing the effect of the different treat-
ments on the fatty acid methylesters (FAMEs) (C4:0 to C26:0) in the fecal samples, we observed large differences
between the chromatograms of the second and the third samplings (Fig. 2). Most of the major components of
fatty acids (C16:0, C18:0, C18:1n-9, C18:2n-6) remained detectable in each treatment group, however, these
values were lower in the ABx-treated groups (ABx 2nd and 3rd sample, ABx + probiotic 2nd sample) compared
to the ABx-untreated groups (control 2nd and 3rd sample, ABx + Probiotic 3rd sample, Probiotic 2nd and 3rd
sample). Furthermore, many saturated, branched-chain saturated, monounsaturated and trans fatty acids between
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Figure 1. Experimental arrangement of the treatment groups to demonstrate the time and duration of
antibiotics and probiotic treatments. ABx: broad-spectrum antibiotics treated group, ABx + Probiotic: broad-
spectrum antibiotics- and then probiotic treated group, Probiotic: probiotic treated group, Control: control
group without any treatment. Sampling was done three times in each group at the indicated times. First
sampling in each group was done at start of the experiment, before treatment was started (baseline data).
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Figure 2. Representative GC chromatograms (from 1-1 identical rat per group) of rat feces between C4:0 and
C26:0 fatty acids during the treatments. Chromatograms of fecal samples were graphically normalized to the
peak height of the internal standard C13:0.

chain length C14:0-C20:0 were reduced to the limit of detection as a result of ABx treatment (in Fig. 2 shown
with yellow background).

A principal component analysis (PCA) was applied to confirm the different characteristics of these chro-
matograms. This analysis showed that the areas under the chromatogram curve of FAs differed because of the
different treatments. The two main principal components (PC1 and PC2) explain 80.1% of the variances of the
differences in the chromatograms in the case of the second sampling time. The PCA model clearly separates the
samples into two groups. The first group consists of the ABx and the ABx + Probiotic; whereas, the Control and
the Probiotic groups are in the second. Although PC1 and PC2 explain only 67.9% of the variances of the dif-
ferences between the chromatograms in the case of the third sampling time, we can see that the PCA scores of
the ABx + Probiotic group are closer to those of the Control and Probiotic groups than those of the ABx group.
Whereas the ABx group remains separate from the other groups (Fig. 3).

Mixed model analysis
A nested linear mixed random effect model was used to investigate the differences between the concentrations
and the weight percentage ratios of the FA components.
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Figure 3. Plots of the two main components (PC1 and PC2) of the principal component analyses. The graphs
represent the second and third sampling time, which were made based on the areas under the chromatogram
curve data. The colors of the groups correspond to those in the second figure, and the dots represents the rat
samples.

The results showed that the main categories of the examined FAs exhibited substantial differences in the
parameters we compared (time points of sample taking, treatments and their interactions) both in the analysis of
the concentration and weight percentage ratio for total FA content (Table 1). In addition, data of each examined
FAs were also analyzed, the results of which are provided in Supplementary Table S1, S2 and S3. There were
significant differences between the compared parameters for most FA concentrations tested, indicating that the
gut microbiota affected the values of these FAs.

Saturated fatty acids (SAT)

The time points, the treatments and their interaction demonstrated significant differences, indicating that both
ABx and subsequent probiotic treatment influenced the concentration (Supplementary Figure S1) and weight
percentage ratio (Supplementary Figure S2) of this category (Table 1) suggesting, that GI microbiome played a
major role in the production of most of the FAs in this category. Except for C25:0, which only showed tendencies,
there were significant differences in the absolute concentrations of FAs between C12:0 and C26:0 between time
points, treatment groups and their interaction. This indicates that the treatments were effective in modifying the
concentrations of these FAs, in particular, the ABx treatment effectively reduced them, which was subsequently
restored after the use of probiotic mixture (Fig. 2 and Supplementary Table S2). For C10:0, there was a significant
difference in both absolute and relative concentrations between the time points and treatments, but not in their
interaction. This indicates that the ABx treatment reduced the absolute and relative concentration, however, the
increase in concentration was not due to the probiotic treatment.

The weight percentage ratios of C14:0, C15:0, C17:0 and C18:0 significantly differed between the time points
and between the treatment groups and there was a significant interaction too. Thus, the ABx treatment decreased
the weight percentage ratio of these FAs, which the probiotic treatment effectively restored. In the case of weight
percent ratio of C26:0, both the time point and the treatment significantly differed, whereas their interaction
not. These observed changes were triggered by the administration of the ABx and not the probiotics. (Fig. 1 and
Supplementary Table S1-S3).

Short saturated fatty acids (short SATs)

The short saturated fatty acids (short SATs) is a subcategory of SAT, including five FAs (C4:0, C5:0, C6:0, C7:0,
C8:0) in this study. This subcategory also presented significant differences in time points, treatments and their
interaction, indicating that both FA concentrations (Supplementary Figure S1) and weight percent ratios (Sup-
plementary Figure S2) were modified by the different treatments (Table 1). The absolute concentrations of C4:0,
C5:0 and C7:0 differed significantly between the time points and treatment groups with a significant interaction
between them. This indicates that ABx treatment effectively reduced the concentration, which was successfully
restored after probiotic treatment (Fig. 2 and Supplementary Table S1, S2). The concentrations of C6:0 and C8:0
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The nested linear mixed effect model

p value for concentrations p value for weight %
Fatty acid groups | Time point | Treatment Time point x treatment | Time point | Treatment Time point x treatment
Total FA 1.56x107° 1.10x10°° 6.91x107
SAT 2.90x10°% 1.21x1071 3.27x1071° 2.81x1073 2.20x 1071 4.46x 107
ShortSAT 5.12x 1073 6.31x1071° 2.54x 10710 6.34x107 7.41x1078 2.11x1073
Transbranched 1.03x 10712 1.27x1071° <2.20x 1071 1.54x107° 2.82x1078 2.81x107
Branched sat 3.58x1071 | <2.20x107'° | <2.20%x1071¢ 1.24x107° <22x107'¢ | 1.07x10713
Trans 5.82x107 <2.20%x1071 | 3.55x 1071 2.53x1073 7.60x 10713 8.06x 1078
cMUFA 8.44x107° 8.73x 107 5.80x 107 0.163 1.14x10° 6.73x107%
PUFA 2.04x1072 3.43x102 0.218 1.03x 10 <2.20%x107'° |2.10x10°®
n-6 PUFA 1.94x1072 3.64x1072 0.221 1.38x10* 3.26x1071 2.23x1078
n-3 PUFA 4.85x1072 1.53x1072 0.214 1.58x10™ 1.78x 1071 9.28x107°
LCPUFA 2.57%107? 5.50x 107* 0.127 4.38x10™* 4.49x107° 1.13x10°
n-6 LCPUFA 2.62x1073 5.43x10* 0.128 4.27x107* 4.64x10° 1.09x 10°°
n-3 LCPUFA 0.576 0.308 0.797 0.916 0.560 0.915

Table 1. Results of the mixed effect models of the main fatty acids categories. p-values of the mixed

effects models (p <0.05). Abbreviations denote: saturated fatty acid (SAT): ShortSAT + C9:0+C10:0+ C11:
0+C12:0+C14:0+ C15:0+ C16:0+ C17:0 + C18:0 + C20:0 + C22:0 + C23:0 + C24:0 + C25:0 + C26:0

; short saturated fatty acid (ShortSAT): 4:0 + C5:0 + C6:0 + C7:0 + C8:0; Transbranched: Branched Sat +
TRANS + (tC16:1n-7 + C17i) + (tC17:1n-7 + C18i); Trans: sum of tC18:1 isomers; Branched saturated

fatty acids (Branched Sat): C13ai+ C14i+ C15i+ C15ai + C16i; cis monounsaturated fatty acid (c(MUFA):
Cl13:1n-1+C14:1n-5+ C16:1n-9+ C16:1n-7 + C18:1n-9 + C18:1n-7 + C20:1n-9 + C22:1n-9; polyunsaturated
fatty acid (PUFA): n-3 PUFA +n-6 PUFA; n-3 PUFA: C18:3n-3 + n-3 LCPUFA, n-6 PUFA: C18:2n-6 +n-6
LCPUFA long-chain polyunsaturated fatty acid (LCPUFA); n-3 LCPUFA +n-6 LCPUFA; n-3 LCPUFA:
C20:5n-3; n-6 LCPUFA: C20:2n-6 + C20:3n-6 + C20:4n-6 + C22:4n-6 + C22:5n-6.

significantly differed between both the time point and treatment, whereas their interaction not, so ABx treat-
ment reduced their concentration, but the increase in the concentration was not due to the probiotic treatment.

Significant differences in weight percent between time points, treatments and their interaction were only
found for C4:0, while for C6:0 and C8:0 only treatment caused a significant change (Fig. 2 and Supplementary
Table S1, S3). In the case of C5:0, both the time point and the treatment significantly differed, whereas, their
interaction did not. These observed changes were triggered by the administration of the ABx and not the probiot-
ics. In the case of C6:0 and C8:0, only the treatment showed a significant effect meaning that the ABx treatment
reduced their weight percentage ratios, but did not change after the probiotic treatment.

Trans and branched fatty acids

This main category consists of three coelutions (¢#C17:1n-7 + C18i, tC16:1n-7 + C17i and tC18-1mix) and five
branched-chain saturated FAs, which showed large differences. There were significant differences in both con-
centration (Supplementary Figure S1) and weight percent values (Supplementary Figure S2) between time points,
treatments and their interactions, so both the ABx and probiotic treatment effectively altered them (Table 1).

Branched saturated fatty acids (branched SATs)

In this subcategory, all the examined branched SATs (C13ai, C14i, C15i, C15ai and C16i) showed strong signifi-
cant differences between sampling times, treatments and their interactions in both concentration (Supplementary
Figure S1) and weight percentage ratio (Supplementary Figure S2) for total FA. These results suggest that altered
gut microbiota due to treatments were responsible for the observed alterations. The ABx treatment significantly
decreased the levels of identified branched SATs, while after probiotic administration these values returned (Fig. 2
and Supplementary Table S1, S2 and S3).

Trans fatty acids (TFAs)

The ABx treatment significantly decreased both the concentration (Supplementary Figure S1) and the weight
percentage ratio of tC18:1 fatty acids (Supplementary Figure S2), but subsequent probiotic administration was
able to increase these levels to the level before the treatments (Fig. 2 and Supplementary Table S1, S2 and S3).

Cis monounsaturated fatty acids (cMUFAs)

In the cMUFAs almost all the parameters tested showed significant differences in both absolute concentration
(Supplementary Figure S1) and weight percent ratio (Supplementary Figure S2) indicating that ABx treatment
and probiotic administration were the main factors influencing these concentrations (Table 1). In this category
we examined 8 cMUFAs (C13:1n-1, C14:1n-5, C16:1n-9, C16:1n-7, C18:1n-9, C18:1n-7, C20:1n-9 and C22:1n-9).
Except for C22:1n-9, which showed only tendencies, most of these cMUFAs revealed significant differences in
concentration values between time points, treatments, and their interactions. Thus ABx treatment significantly
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decreased the concentration levels, while the administration of the probiotics restored them (Fig. 2 and Sup-
plementary Table S1, S2).

However, when evaluating the weight percentage ratio, we found significant effects of time and interaction
between time and treatments for only three fatty acids (C13:1n-1, C14:1n-5 and C18:1n-9 FAs). The ABx treat-
ment decreased the weight percent ratio of C13:1n-1 and C14:1n-5, and elevated that of the C18:1n-9. On the
other hand, probiotic treatment recovered the weight percent ratios for all three FAs to the original state. (Fig. 2
and Supplementary Table S1, S3).

Polyunsaturated fatty acids (PUFAs)

Significant differences were observed in both concentration (Supplementary Figure S1) and weight percent ratio
(Supplementary Figure S2) of PUFAs indicating that the FAs of this category were modified by the different treat-
ments (Table 1, Supplementary Table S1, S2 and S3). The PUFAs were splitted in two subcategories: n-3 PUFAs
(a-linolenic acid (C18:3n-3, ALA) and C20:5n-3) and n-6 PUFAs (C18:2n-6, C20:2n-6, C20:3n-6, C20:4n-6,
C22:4n-6 and C22:5n-6) (Supplementary Table S1). In the weight percent ratio, each investigated parameter
showed significant differences, thus ABx treatment decreased levels of both n-3 and n-6 PUFAs, which could
successfully recovered after the use of probiotic treatment (Supplementary Figure S2, Supplementary Table S3).
In contrast, concentration levels were significantly affected by both time point and treatment, but their interac-
tion not. This indicates that the ABx treatment reduced their concentration, but their increase over time was not
dependent on the probiotic treatment (Supplementary Figure S1). A further subcategory within PUFAs is the long
chain polyunsaturated fatty acids (LCPUFAs) that also can be divided in 2 subgroups: n-6 LCPUFAs (C20:2n-6,
C20:3n-6, C20:4n-6, C22:4n-6 and C22:5n-6) and n-3 LCPUFAs (C20:5n-3) (Supplementary Table S1). The
LCPUFAs subcategory and the n-6 LCPUFAs subgroup showed similar results as the PUFAs category in both
concentration and weight percent ratios, but there were no significant differences in the n-3 LCPUFAs subgroup
(Table 1, Supplementary Figure S1-S2).

As C20:5n-3 did not show significant differences, it can be concluded that C18:3n-3 was the determining FA
in the n-3 PUFAs category, showing the same significances in the concentration level as its group, however, in
the weight percent ratio differences were noted in the interactions of time points and treatments. Among the
n-6 PUFAs subcategory, only two FAs (C20:2n-6 and C20:3n-6) presented significant differences in time points,
treatments and their interactions in the concentration levels. In those cases, decreased concentration levels were
measured after ABx treatment, and probiotic mixture was able to restore it. On the other hand, weight percent
ratios of C18:2n-6 and C20:4n-6 were increased after ABx treatment and the following probiotic administration
could efficiently restore these altered states.

Fatty acid composition of the pellets
Since the examined FA composition of the feed was not fully provided, we specified the comprehensive FA
composition of the rodent chow (Supplementary Table S4) and compared it with the treatment effects, which
is illustrated in Fig. 4. The analysis revealed that out of the examined FAs the MUFAs were present in the high-
est quantity in the rat feed, alongside PUFAs and SATs. In addition, n-6 PUFAs were more dominant than n-3
PUFAs, and, in these categories, the most prevalent fatty acids were C18:2n-6 and C18:3n-3. Among SATS, the
highest quantities observed in the rats’ food were for C16:0 and C18:0. Short SATs were present only in a small
proportion in the food. No Branched SATs were found in the animal feed. Among MUFAs, C18:1n-9 was the
most abundant FA in the pellet. Furthermore, within the category of TFAs, tC18:1 fatty acids were present, but
in a small amount.

The obtained results indicate that the FAs present in the rat feces and their changes resulting from the treat-
ments were not influenced by the FA composition of the feed.

Discussion

In this series of experiments, we induced a change in the GI microbiome with ABx and probiotic treatment to
examine changes in fecal FAs. To the best of our knowledge, the present paper is the first report on the role of
gut bacteria in a detailed fecal FA spectrum in adult rats.

There is increasing evidence that GI microbiome has a huge impact on regulating fat storage and energy
metabolism, helps to absorb minerals and influences FA production®!®!®, Moreover, it plays a crucial role in
regulating immune homeostasis, as well as CNS-associated neurophysiological and -psychological functions
and behavior*”*. It is worth noting that not only just SCFAs are produced exclusively by bacteria, but also con-
centration of some FAs with a longer, odd-numbered carbon atoms, such as C15:0 and C17:0, are also affected
by the microbiome'®. Furthermore, some microbial species are able to metabolize C18:2n-6 and C18:3n-3° and
convert them to conjugated linoleic acids and other trans fatty acids such as trans vaccenic acid (C18:1n-71)"7.

As the composition of the microbiome can be influenced by early colonization and a number of other envi-
ronmental factors””?, the present study included rats born at the same time in the same place with the same
genetic background, consuming the same food, and were randomly assigned to groups before the treatments.
Thus, we assume that microbiota composition did not differ significantly between the groups of animals before
the start of the experiment.

To investigate the effect of the microbiome on FA production we selected an ABx treated animal model.
This wide spectrum, high dose treatment was able to deplete some gut bacterial community***, providing us a
good opportunity to examine the bacterial effect on the whole FA spectrum in adulthood. ABx treatment can
provoke extensive dysbiosis and the disappearance of SCFAs confirm the vanishing of the gut bacteria®?®. It is
well known that fecal SCFAs are produced by the gut microbiota®!!, but our current results suggest that many
other important saturated and unsaturated FAs across the entire FA spectrum are also produced by GI bacteria.
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Figure 4. Changes in the chromatograms of fatty acids between C4:0 and C26:0 in the feces of a treated rat
from the ABx + Probiotic group at baseline (A), after two weeks of antibiotic treatment (B), then after probiotic
treatment (C) and the chromatogram of dry rodent food (D). In the upper part of the figure, the order of

the individual fatty acids is indicated by colors corresponding to the different fatty acids families (dark blue:
saturated, light blue: branched saturated, orange: monounsaturated, red: trans, pink: n-3 polyunsaturated, and
green: n-6 polyunsaturated fatty acids). The chromatograms of fecal samples were graphically normalized to the
peak height of the internal standard C13:0.

Previous studies have shown, that gut microbes play major role in the production of short SATs, of which
C4:0 and C5:0 are the most important and play a critical role in both peripheral and central functions being
involved in anti-inflammatory effects and playing a beneficial role in a variety of diseases**>. Within the longer
chain SATs, our finding revealed that the majority of these FAs are produced by intestinal bacteria, and not just
those with odd-numbered carbon atoms as would be assumed based on former studies. Interestingly, C16:0 also
showed reduced concentration after ABx treatment despite being one of the main FA components of the rodent’s
chow. The amount of all determined branched SATs was also significantly reduced after ABx treatment, confirm-
ing the finding of a recent study that branched saturated FAs originate from bacterial degradation of proteins*
and that lack of bacteria may generate the absence of branched SATs, that may be present in several metabolic
disorders*. Although previous studies have shown that bacteria are the primary producers of branched-chain
fatty acids, the extent of their absorption in the human body and their fate remains unclear. These fatty acids
are present in various human tissues in a low concentration and may have metabolic health benefits, including
lipid-lowering, and anti-inflammatory properties®**. However, extensive research is still needed to understand
their mechanism of action.

The majority of the analyzed cMUFAs were decreased after ABx treatment suggesting that the GI microbiome
is responsible for the production of these FAs. However, there is no data on whether cMUFAs produced in the
gut has any effect on health, or whether cMUFAs in the gut are not due to dietary intake, i.e., produced by gut
bacteria.

The investigated n-3 PUFAs and most of the n-6 PUFAs, such as C18:2n-6, which was present in higher
amounts in the rodents’ chow, did not show a decrease in their concentration after ABx treatment, corrobo-
rating the common assumption that these FAs are greatly modulated by dietary intake*®*’. Among the minor
components, there was a slight reduction in the concentrations of C22:4n-6 and C22:5n-6 however, we assume
that these differences are actually due to their low concentrations. Surprisingly, the concentrations of C20:2n-6
and C20:3n-6 were also influenced by gut bacteria. Although so far only a few studies have investigated the
relationship between the microbiome and these n-6 PUFAs in rumen fluid, plasma, and hepatic cells**-*°, we
could demonstrate a similar but only partial relationship, that the microbiome is responsible for the production
of C20:2n-6 and C20:3n-6 in the gut, and not the dietary intake.

In our study, we determined not only absolute but also relative concentration changes, Our results showed,
that in the majority of FAs both concentrations decreased after two weeks of ABx treatment. However, for weight
percent, some FAs required a relative increase, such as in our case C20:4n-6 and C18:1n-9, while their absolute
concentration also decreased after ABx treatment, so the contradiction between the two results is only apparent.

In this study, two weeks of broad-spectrum ABx treatment was sufficient to greatly reduce GI bacteria. There-
fore, it would be important to prevent the adverse side effects of intensive ABx medication, including altered fecal
FA distribution. We used our probiotic mixture because it contained bacterial populations with health-promoting
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effects, such as Lactobacillus spp., most strains of which have great potential to reduce inflammation and allevi-
ate ABx-induced GI side effects®~**, and Bifidobacterium spp., which also have immunomodulatory effects and
can be beneficial to the digestive and even the nervous system®>***. In addition, our aim was to restore the gut
microbiota in a short time and to study the effect of this probiotic mixture on the detailed FA spectrum. As we
hypothesized, probiotic administration was able to initiate the reestablishment of bacterial populations and
promoted changes in the concentration of several FAs. Our results confirmed, that ABx treatment decreases the
concentration of fecal SCFAs, whereas the following probiotic treatment (including Lactobacillus and Bifido-
bacterium strains) increases both the concentration of these FAs and fecal bacterial abundance and diversity*.
However, our mixture was unable to restore the concentration of each FA to baseline. We hypothesized that in
these cases (C6:0, C10:0, C11:0, C16:1n-9 and C16:1n-7 ) other bacterial genus species or additional microbial
interactions may be involved, and accordingly, we confirmed that Bifidobacterium spp. and Lactobacillus spp.,
were clearly not responsible for the production of these FAs. Nevertheless, most of the FAs, whose concentrations
had been altered by the microbiome depletion, returned to their initial state after probiotic administration, which
confirmed that Bifidobacterium spp. and Lactobacillus spp. were able to induce the production of these FAs or
perhaps they interacted with other bacteria to cause this change, which is a currently existing phenomenon®.
Research lately has begun to explore the possible relationship between the microbiome and fecal metabolites,
such as FAs. A recent study showed a strong positive correlation between Lactobacillus strains and fecal C18:2n-6
and C12:0 in a rat model of short bowel syndrome, while other bacterial strains (e.g. Ruminococcus) showed a
negative correlation”. Based on our results, we hypothesized that our probiotic mixture had a crucial role in the
production of branched SATs, most SATs and even several MUFAs, and PUFAs, and therefore, by administering
these strains after ABx treatment, a significant part of the fecal FA spectrum could be restored. The fact, that the
weight percent ratios were also restored means that the probiotic administration may have contributed to the
changes in these proportions in the proper direction. Since all groups of animals were fed the same diet with
the same FA composition, it can be assumed that any FAs whose concentrations changed during the treatments
were produced by the gut bacteria and not derived from the diet.

The used microbiome alterations and the study design allowed us to determine the influence of the intestinal
bacteria on the fecal FA composition, however, the present study has several strengths and limitations.

One strength of this paper is that the rats included in this study were of the same age and sex at the start of
the study, so the confounding effects of age and sex were excluded, and the litter effect was also statistically cor-
rected. Another strength is that, contrary to previous studies, not only SCFAs but the full spectrum of FAs was
determined from stool samples. Since we also determined the FA composition of the food pellet, we confirmed
that most of the determined FAs are not derived from the diet but are the result of gut bacterial metabolism.

On the other hand, this study has several limitations. First, we did not determine the gut microbiota present
in fecal samples. Thus, our results only indirectly indicate the effect of gut microbiota on the FA composition
of feces. Based on the results of previous highly extensive studies®**** we can say that the ABx treatment we
used also greatly reduced the intestinal microbiota®, which returned after the probiotic treatment. However, we
cannot say which strains are responsible for the changes or whether there is a change in the composition of the
microbiome before and after ABx and probiotics treatment. The use of a broad-spectrum treatment consisting
of several types of ABx can also be a limiting factor, as different strains of gut bacteria react differently to various
ABx*"*2. However, the purpose of the present study was primarily to investigate the effect of a great reduction of
gut microbiota, which was best accomplished with a broad-spectrum ABx mixture®. Thus, further systematic
studies are necessary to understand more extensively the role of the microbiome on the FAs production and
simultaneously deeper comprehending the relationship between these mechanisms and how they affect the
physiological functions.

This is one of the first papers to analyze the role of gut bacteria on the detailed FA composition of stool
samples from adult rats. The results demonstrated that, in addition to SCFAs, a number of other saturated and
unsaturated FAs as well as trans and branched-chain saturated FAs are determined by gut bacteria in rat stool.
To the best of our knowledge, this study is among the first ones to demonstrate that ABx treatment reduces the
concentration of FAs in rat feces and that a specific probiotic mixture can restore this disturbed FA spectrum.
Thus, this study not only provides evidence for the role of intestinal bacteria in the production of specific FAs,
but it also supports a new approach to treat disorders resulting from a shift in the ratio and concentration of FAs.
In conclusion, this study provides preliminary evidence that the gut microbiome appears to have a greater influ-
ence on both the quantitative and qualitative FA composition of feces than previously thought and that certain
specific probiotic bacterial combinations are able to effectively restore the healthy feces conditions, indicating
the potential therapeutic value of these probiotics.

Methods

Animals

In the present study, in total, 44 male Wistar laboratory rats were used (10 weeks old at the beginning of treat-
ment)*®. To exclude sex as an additional independent variable, only male rats were used in this research. Ani-
mals were kept individually in a temperature- and light-controlled room (12:12 h light-dark cycle; 21 +2 °C;
humidity 55-60%). All experimental groups received the same laboratory food pellets (LT/R standard rodent
food pellet, Innovo Kft, Isaszeg, Hungary) (Supplementary Table S5) and tap water ad libitum. The animals were
cared for in accordance with the National Scientific Ethical Committee on Animal Experimentation of Hungary
((BA02/2000-07/2023 Pécs University, Medical School; Hungarian Government Decree, 40/2013. (II. 14.); NIH
Guidelines, 1997; European Community Council Directive 86/609/EEC 1986, 2006; European Directive 2010/63/
EU of the European Parliament). The present study is reported in accordance with ARRIVE guidelines.
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The ABx treated groups were given broad-spectrum ABx mixture for 4 weeks (10 weeks old at the beginning
of treatment) to greatly reduce the gut microbiota®. The ABx mixture was dissolved in their drinking water and
comprised of ampicillin (1 g/L), vancomycin (500 mg/L), ciprofloxacin HCI (20 mg/L), imipenem (250 mg/L)
and metronidazole (1 g/L). The probiotic receiving groups were given our specific probiotics mixture (PM)
via oral gavage every day for 2 weeks. It contained four beneficial bacterial species (Lactobacillus spp., Bifido-
bacterium spp.) of specified cfu/d (colony forming units/day). This mixture is proprietary knowledge licensed
by the University of Pécs (422.1bh.5.(2019.09.05)). The strains were provided by the Leibniz Institute, DSMZ-
German Collection of Microorganisms and Cell Cultures GmbH, Germany. After the strains were received in
freeze—dried form, we started to cultivate them. Lactobacillus spp. strains were cultivated in 100-100 mL liquid
Rogosa medium (OXOID Ltd. UK) for 2 nights at 37 °C in a shaker incubator at 200 rpm. Then the fluids were
centrifuged at 4 °C with 5.000 rpm for 5 min. The sediment was resuspended in physiological saline solution till
reaching the final volume. Bifidobacterium spp. strains were cultivated on fastidious anaerobic agar CE plates and
broth (Neogen Europe Ltd. UK). Anaerobic conditions were produced in an anaerobic jar with GEnbag anaer
(BioMérieux SA France). After 2 days of cultivation, the colonies from the plates were collected by loop and
resuspended in physiological saline solution till reaching the final volume. The prebiotic mixture was produced
from day to day shortly before its use in experiment. More details about the cultivation can be found in our
previous publication®®. Throughout the whole experiment water and food consumption were measured every
day. Fresh fecal pellets were collected under controlled conditions before and after the treatments to monitor
the changes of the FAs. The samples were collected at three different times (before, during and after treatments)
in each group (Fig. 1).

Fatty acid analysis

The feces samples were analyzed by the slightly modified method of Lopez-Lopez®. From each sample, approxi-
mately 100 mg fecal content was placed in 16 x 125 mm test tubes sealed with Teflon-lined caps. We added 40 ul
solution containing 60 mg methyl tridecanoate (C13:0) in 20 ml of n-hexane to each tube with the sample. We
added 3 ml of methanol:hexane 4:1 (V/V) and 1-2 mg pyrogallol to the samples, then these samples were frozen
for half an hour. 300 ul of acetyl chloride was slowly added to the frozen samples. The tubes were subjected to
methanolysis at 100 °C for 1 h. After the tubes cooled down, 5 ml of 6% K,COj; solution was slowly added to
stop the reaction and to neutralize the mixture. The tubes were vortex-mixed and centrifuged at 3000 x g for
10 min. The supernatant hexane layer was then transferred to a 2 ml screw-top vial with a micropipette. After
this step, hexane was added until reaching the liquid level of 1 ml. The samples were stored in a —80 °C freezer
until injection into the gas chromatograph (GC).

The FA analyses were carried out on a PerkinElmer Clarus 690 gas chromatograph with a flame ionization
detector (PerkinElmer, USA) fitted with a Rt-2560 capillary column (100 m x 0.25 mm i.d. x 0.20 um film thick-
ness, Restek). Helium was used as the carrier gas at a flow rate of 1.3 ml/min. The injection port was adjusted at
225 °C and split injection mode was used, the injection ratio was 20:1. The injection volume was 2 pl. The detec-
tor temperature was 300 °C. The initial oven temperature was 100 ‘C held for 4 min and ramped up to 250 °C at
3 °C/min and held for 25 min.

The fatty acid methyl esters (FAMEs) were analyzed based on the area under the curve calculated using
TotalChrom software by PerkinElmer. Fatty acid identification was based on the retention times of external
standards (PUFA3 (Supelco, St. Louis, MO, USA); GLC-674, -642, -643, -569b, -481, and -473 (Nu-Check-Prep,
Elysian, MN, USA); C16:1n-9-ME (Larodan AB, Solna, Sweden) and The Bacterial Acid Methyl Esters CP Mix-
ture (Matreya LLC,, State College, PA, USA), Supplementary Table S6). The peaks were identified by comparing
them with authentic mixtures of the weighed FAME methyl ester. The individual FA response factors determined
from these weighed standards and the percentage area under the curve (relative concentration; w/w%) were used
to calculate the weight percentage of each determined FA®. The quantification of the FA concentrations of wet
feces was based on the tridecanoic acid, as internal standard (absolute concentration; pg FA /100 mg wet feces).

Statistics

For classifying the sample’s GC chromatograms Principal Component Analysis (PCA) was applied. The input
data for the PCA was the area under the curve of the components. PCA transforms data into a lower dimensional
space by converting the data to a new, orthogonal coordinate system called principal components (PCs). PCs are
sorted according to the amount of variance captured, in such a way that those that have similar variance occur
near one another. If the chemical variations are similar, their scores should be close to each other on a plot of
PC1 against PC2. The PCA model was fitted using Eigen value decomposition method.

To detect the effect of the treatments in time on the FA composition and concentration we applied a nested
linear mixed random effect model, where the ID of the rats were used as a random factor and the nested effect was
the litter. In case of modeling the changes in the concentrations we used log transformation to ensure a proper
model fit. In all models we used the time point of the sample taking, treatments and their interaction as explana-
tory factors and the models were adjusted to the baseline values. The input data for the mixed model were the
calculated concentration on the log scale and the calculated percentage of FAs. The models were fitted by using the
Restricted Maximum Likelihood (REML) approach and the estimates were given with the Satterthwaite’s method.

All analyses were done with R statistical software (version 4.2.1; packages:lme4, ImerTest; R Core Team,
Vienna, Austria)®®®!. A result was set as significant if the p value was under 0.05.
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All animal experiments were conducted according to federal and local ethical guidelines, and the proto-
cols were approved by the National Scientific Ethical Committee on Animal Experimentation of Hungary
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2010/63/EU of the European Parliament). The present study is reported in accordance with ARRIVE guidelines.
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