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Abstract

Background: Short-chain fatty acids (SCFAs), including propionic acid (PA), are key in
immunological research. Supplementing PA has shown benefits for autoimmune diseases. A
comprehensive understanding of the PA pharmacokinetics is essential for the optimal design
and execution of studies utilizing orally administered PA.

Objective: We propose two methods of measuring PA in serum, carried out by different

laboratories.

Design: Blood samples from 20 volunteers were collected hourly following PA

supplementation.

Methods: Serum propionate quantification was performed with two independent mass
spectrometry-based (MS) analyses, including liquid-chromatography (LC]-MS and direct-

infusion (DI)-MS.

Results: PA levels increased within 1h of ingestion of 500 mg PA. Serum concentrations
ranged from 1.3 to 4.5 pmol/L, rising significantly after 1h (p<0.05). Serum levels returned to
baseline within 2h. No significant differences were found regarding sex or diet.

Conclusion: The shown pharmacokinetics can be used in future PA research.
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Introduction

Short-chain fatty acids (SCFA), such as propi-
onic acid (PA), have been in the focus in immu-
nological research throughout recent years, due
to their effects on several systemic functions,
including the immune system, glucose and lipid
metabolism, and energy levels.!-* PA, along with
acetate and butyrate, is synthesized by the gut
microbiome in the colon. This synthesis occurs
primarily through the fermentation of dietary
fiber. PA serves as a direct energy supplier to the
intestinal epithelia and is also absorbed systemi-
cally.> Neuroprotective properties of PA on the
peripheral nervous system have been observed.®
Beneficial effects have also been observed in in

vivo studies and case studies of acute motor and
sensory axonal neuropathy (AMSAN),” multiple
sclerosis,® and other autoimmune diseases®
through immunomodulatory effects as well as in
degenerative processes (such as Parkinson’s dis-
ease)!® and wvascular calcification.!! Although
numerous studies have been and are being con-
ducted on PA supplementation, there are no
studies on PA absorption and the effect on
PA-serum levels after oral administration. This is
mainly due to the fact that SCFAs are mainly
analyzed in stool samples since they are end prod-
ucts of fermentation of dietary fibers by the anaer-
obic intestinal microbiota. These SCFAs are
transported from the intestinal lumen into the
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blood of the host and are taken up by organs
where they act as substrates or signal molecules.>

To gain insight into the effects of PA supplemen-
tation, in this study, we investigated for the first
time, to the best of our knowledge, whether oral
PA intake is reflected in serum levels.

Methods

Study design and cohort

The objective of this study was to investigate the
pharmacokinetics of orally supplemented PA
using two different MS methods. A total of z=20
healthy volunteers with no history of gastrointes-
tinal, autoimmune, or other serious chronic dis-
eases were included in this study. All subjects
were recruited at the Centre for Clinical Research
at the St. Josef Hospital, Bochum, Germany, in
November 2021 (cohort group B) and in July
2022 (cohort group A).

Healthy volunteers were instructed to ingest
500 mg of sodium propionate (propicum®) in the
Centre for Clinical Research at 8:00am with a
prior fasting of 12h. They were just allowed to
drink water and refrained from physical activity
until 4 h after propionate intake.

Venous blood samples were collected before pro-
pionate supplementation (baseline Oh) and then
at 1-h intervals over a 4-h period. Each serum
monovette contained 7.5 mL of blood, which was
processed immediately after collection. Blood
was centrifuged (2000g, 15 min, 4°C), aliquoted,
and immediately stored at —80°C in 500 uL cryo-
tubes for future analysis.

Quantification of propionate in serum

Serum propionate quantification was performed
with two independent mass spectrometry-based
(MS) analyses, including liquid chromatography
(LC)-MS (analysis A) and direct-infusion
(DI)-MS (analysis B).

Analysis A: Propionate levels from cohort group A
were determined according to Zeng and Cao!? with
slight modifications. Fifty micro liters of serum
were mixed with 20 uLL of aqueous 13C-PA (10uM)
used as internal standard. Proteins were precipi-
tated by adding of 70 uLL of 0.6 M glycine ethyl ester
in methanol, incubation at 4°C for 30min, and

centrifugation at 1000g for 15min at 4°C. Sixty
micro liters of the supernatant were added to 15ulL
methanolic 0,3 M N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride. After a reac-
tion time of 2h, the samples were extracted by
dichloromethane, dried, resolved, and analyzed
using high performance liquid chromatography
with mass spectrometry (HPLC-MS/MS) (API-
2000 (Applied Biosystems), Agilent 1100 HPLC
with Poroshell HPH-C18, 4um, 2,1 X 150mm?
(Agilent Techologies)).

Analysis B: For cohort group B, a single-phase
extraction protocol utilizing 2-propanol was
employed for the extraction process. Fifty micro
liters of serum were spiked with 100uL of
D5-propionate (10 pug/mL). Isopropanol was
added to the samples to a final concentration of
70%. After incubation for 60min at 4°C, the
samples were centrifuged at 3500g for 10 min at
4°C, and the supernatant containing metabolites
was transferred to a new glass vial. Samples were
derivatized with 3-nitrophenylhydrazine hydro-
chloride and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (Sigma-Aldrich,
Saint Louis, MO, USA) as previously described.!3
Ten micro liters of the derivate were transferred to
a 384-well plate. Samples were analyzed by direct
infusion mass spectrometry, using a Triversa
Nanomate (Advion BioSciences Inc.) source cou-
pled to a Q Exactive-HF Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific,
Bremen, Germany). MS-data were aquired using
parallel reaction monitoring and subsequently
analyzed using FreeStyle software version
1.8.65.0 (Thermo Fisher Scientific, Rockford,
IL, USA). Endogenous PA concentrations
were determined using the internal standard
(D5-propionate).

Statistical analysis was performed using Prism 8
(GraphPad Software, La Jolla, USA). Diet- and
gender-related group differences were analyzed
using area under the curve calculations, Welch’s
t-test, and Mann—Whitney test. » <0.05 was con-
sidered statistically significant.

Results

Oral PA supplementation increases
serum PA levels 1h after ingestion
To elucidate whether oral PA supplementation is
reflected in serum levels, the serum concentration
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PA kinetics in serum
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Figure 1. PA levels in serum after supplementation of 500 mg PA(mean =+ SDJ.

A significant increase in serum level is indicated with*
h, hour; PA, Propionate; SD, Standard Deviation.

of PA after oral PA intake was determined for the
first time in this study. For this purpose, serum
from two cohorts of healthy volunteers (groups A
and B) was analyzed before and 1, 2, 3, and 4h
after oral ingestion of 500 mg PA using two inde-
pendent MS approaches, including LC-MS
(analysis A) and DI-MS (analysis B). Cohort
group A, studied with analysis A, consisted of five
men and five women, six of whom followed an
omnivorous diet and four a predominantly plant-
based diet. Cohort B, studied with analysis B,
consisted of four men and six women, four of
whom were omnivores and six of whom were on a
predominantly plant-based diet. One sample
from cohort B was excluded from the study due
to technical issues encountered during the meas-
urement of the sample.

For the respective cohorts at the different time
points, both analyses showed comparable PA

serum concentrations in the range of 1.3 and
4.5umol/L, consistent with reported physiologi-
cal values (Figure 1).81%15> Moreover, a significant
increase in the PA serum level (Baseline to T1)
was observed with both approaches 1h after oral
intake (A: p=0.0208; B: p=0.0001), returning to
fasting baseline levels 2h after supplementation.
No differences were found in the evaluations of
the PA baseline levels in relation to gender and
diet (data not shown).

A statistically significant difference was observed
between the absolute serum PA level values of
both laboratory methodologies across all time
points (Baseline: p=0.0157, T1: p=0.0001, T2:
p»=0.0006, T3: p=0.0001, T4: p=0.0011).
Furthermore, the differences in serum levels
between the baseline and the distinct time points
(delta) were also consistently found to be signifi-
cantly different between the two laboratory
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methods (Delta: Baseline-T1: p=0.0001, Delta
Baseline-T2: p»=0.0001, Delta Baseline-T3:
p»=0.0016, Delta Baseline-T4: p=0.0001).

Discussion

This study is the first to describe the pharmacoki-
netics of orally administered PA in serum, with a
peak in serum levels 1h after oral administration
and return to the fasting serum levels within 2 h.

The rapid absorption within 1h indicates that the
orally supplemented PA is absorbed in the small
intestine, in contrast to the physiological PA
which is produced by the microbiome in the
colon.1> Also, it is striking that serum levels return
to baseline levels after 2h. This raises the ques-
tion of how and where exactly supplemented PA
is metabolized. Physiological colon-derived PA is
largely consumed as an energy source in colono-
cytes and hepatocytes and in gluconeogenesis,
and only about 9% of colon-derived PA enters
the blood system.!> It is possible that also the
orally administered PA is used as an energy source
and that more stable serum levels and a better
immunoregulatory effect could be achieved with
a higher dosing frequency or a different formula-
tion. Repeated administration of PA may be more
effective than single high doses in achieving sus-
tained serum PA levels.

As plant- and fiber-rich diets may lead to endoge-
nous PA production by the gut microbiome, we
recommend further investigation of the missing
differences in uptake, distribution, and initial
serum PA levels between omnivorous and plant-
based diets in larger cohorts. Whether gender
affects the absorption and distribution also remains
to be determined in future larger studies.

LC-MS separates compounds through liquid
chromatography before mass spectrometry,
allowing for better resolution and identification,
while DI-MS introduces samples directly into the
mass spectrometer, making it faster but with less
separation. Overall, LC-MS is suitable for com-
plex samples with multiple analytes and offers
higher sensitivity, whereas DI-MS is used for sim-
pler analyses and rapid screenings. We found sig-
nificant differences in PA levels between the two
methods. However, both methods did not meas-
ure the exact same samples, but different cohorts,
and this report was not primarily designed to
compare the two methods, as this would have

required more samples and multiple measure-
ments. Therefore, this data do not permit the
conclusion that one methodology is superior to
the other.

Given the exploratory nature of this study, a pri-
ori determination of the number of cases was not
feasible. The number of subjects was therefore set
at 10 per examined method.

A further limitation of our work is, that the imple-
mentation of both methods in laboratories was
not feasible simultaneously, leading to a one-year
temporal discrepancy between the measurements
of cohorts A and B. The absence of further refer-
ence samples from cohort A at the time of meas-
urement of cohort B made testing with both
quantification techniques in both cohorts
untenable.

Conclusion

In conclusion, we report for the first time the
pharmacokinetics of orally administered PA in
serum, with a peak in serum levels 1h after oral
administration and return to the fasting serum
levels within 2h. No differences in serum PA lev-
els were observed with respect to gender or diet.
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Appendix

Abbreviations

SCFA short-chain fatty acid

PA propionic acid

MS mass-spectrometry

LC liquid chromatography

DI direct-infusion

PNS peripheral nervous system

AMSAN acute motor and sensory axonal

neuropathy
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