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Abstract.

BACKGROUND: Butyrate is a health promoting short-chain fatty acid (SCFA) metabolite of fiber fermentation in the gut.
Supplementing directly with a butyrate generator may be a dietary alternative with health benefits.

OBJECTIVE: To evaluate the effect of tributyrin, a butyrate generator, on tolerability, gut microbiome composition, gut
permeability, inflammation and metabolic markers in healthy adults at two dose levels.

METHODS: Healthy adults (n=29) were randomized to this single-blinded, two-arm, 28-day parallel design pilot study.
Participants ingested one or two placebo capsules for 7 days followed by one or two (200 or 400 mg, respectively) ButyraGen®
capsules, a novel tributyrin complex, daily for 21 days. Tolerability was assessed weekly by questionnaire. Blood and stool
were collected at baseline and weekly for metabolic and inflammation markers, gut microbiome composition and SCFA
concentrations, respectively. Urine was collected at baseline and end of the study for permeability assays.

RESULTS: Twenty-four participants (n=24, 25 & 8 years; 24.0 & 2.8 kg/m?; 66% male) completed the study. ButyraGen®
was well-tolerated, with less than 10% (n=2) reporting gastrointestinal-related discomfort. Fecal acetic (p =0.03) and pro-
pionic (p=0.03) acids decreased after supplementation (p =0.03 and p=0.03, respectively, n=24) compared to baseline,
and triglycerides increased (p =0.02, 400 mg only, n=11). Trends in decreased hs-CRP after 200 mg (p =0.08) and 400 mg
(p=0.07) supplementation and decreased glucose (p =0.10) after 200 mg supplementation was observed. No other changes
in endpoints were observed.

CONCLUSIONS: Tributyrin supplementation using ButyraGen® was safe and tolerable at the doses provided. Biological
effects were observed suggesting butyrate generation and absorption in the small intestine followed by activity in the liver,
though further investigation on mechanism of action is needed for confirmation.
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1. Introduction benefits of fiber are supported by several different
hypotheses. Bowel regularity and fibers’ effect on

Dietary fibers are an important component of the gut microbiota composition has been discussed thor-
diet associated with lowering risks of chronic dis- oughly [3]. Certain dietary fibers serve as important
eases and promoting bowel health [1, 2]. The health substrates for gut microbes producing short-chain

fatty acids (SCFAs), metabolites with varied physi-
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a major fuel source for colonocytes [5, 6]. Like-
wise, several in vitro and in vivo studies suggest that
butyrate modulates immune-inflammatory responses
and intestinal barrier function [6].

Fermentation of dietary fibers by the gut micro-
biota provides the largest source of butyrate to
humans and intestinal cells [7]. However, only
10% of women and 3% of men meet the rec-
ommended intake for dietary fiber, a statistic that
has hardly changed in over 40 years [8, 9]. Con-
sidering this issue, alternative strategies have been
sought to deliver fiber, and specifically microbial
associated benefits, including supplementing with
butyrate directly. Both rectal and oral methods of
butyrate delivery have been investigated in animal
and human models. Rectal enemas are a promis-
ing method of direct butyrate delivery to the distal
colon, particularly in patients experiencing colonic
inflammation [10]; however, this delivery method is
intrusive and is accompanied by low compliance out-
side the clinical setting [11]. Oral administration of
butyrate and/or butyrate-producing substrates, such
as sodium-butyrate and tributyrin, have also been
explored, potentially providing butyrate exposure
more broadly in the gastrointestinal tract [12—14].
Sodium-butyrate is a butyrate salt that is readily
available for absorption from the stomach. Aside
from limited exposure to the intestine, tolerability
is a major challenge due to its astringency, putrid
smell and taste that lingers after intake [15]. In
contrast, tributyrin is a short-chain triglyceride con-
sisting of a glycerol backbone esterified to three
butyrate molecules. When ingested, butyrate is lib-
erated from the glycerol backbone via the action of
pancreatic lipase, releasing free butyrate and butyrate
monoglycerides available for absorption all along
the small intestine and possibly proximal colon
[16]. Pharmacokinetic and toxico-kinetic studies
have shown that oral intake of tributyrin can sustain
plasma butyrate concentrations equivalent to sodium-
butyrate, indicating its promise as an oral supplement
[17]. However, limited clinical studies are avail-
able on the tolerability of tributyrin and its potential
health effects. Moreover, the available research is
focused on pharmacological doses for therapeutic
purposes vs dietary supplement levels to maintain
health.

Therefore, the purpose of this pilot study was to
evaluate oral consumption of a tributyrin-containing
supplement on tolerability in a healthy population and
to explore possible biological effects consistent with
health. ButyraGen®, a propriety tributyrin complex,

was used for supplementation. Assessments of this
product focused on 1) tolerability 2) changes in gut
microbiome composition and short-chain fatty acids
3) metabolic and inflammation markers and 4) mark-
ers of gut permeability.

2. Materials and methods

2.1. Study design and participants

This study was approved by the Institutional
Review Board of Illinois Institute of Technology,
Chicago, Illinois (Protocol #IRB-2023-25) and reg-
istered with ClinicalTrials.gov (NCT05601635). All
study participants were provided a written informed
consent before any study procedures were initiated.
Healthy men and women were recruited from the
greater Chicagoland area. Participants were required
to meet general eligibility criteria (Supplemental
Table 1). Participants with diagnosed or self-reported
gastrointestinal disease or discomfort were excluded
from this study.

This pilot study was a 28-day randomized, single-
blinded, parallel design with two doses of the
ButyraGen® supplement (Fig. 1). Study size was
determined based on previous exploratory pilot
studies, not based on statistical power analysis. Par-
ticipants were randomly assigned to either the high
dose (2 capsules, containing a total of 200 mg trib-
utyrin) or low dose (1 capsule, containing a total of
100 mg tributyrin) regimen. Participants were blinded
to a 7-day (Day -7 to Day 0) placebo lead-in followed
by a 21-day (Day O to Day 21) active phase. Partici-
pants received the same number of capsules (one or
two) throughout both phases. During the 28-day study
period, participants came to the Center for Nutrition
Research (CNR) at Illinois Tech on a weekly basis,
with an additional mid-week visit (Day 3) during the
first week of the active phase. At each study visit,
participants provided self-collected fecal and urine
samples. A fasting blood sample was collected at the
CNR at each visit. At the beginning (Day -7) and end
(Day 21) of the 28-day study period, participants also
collected urine samples for a Lactulose-Mannitol Test
(LMT).

2.2. Tributyrin supplementation

ButyraGen® was the source of tributyrin for this
study. ButyraGen® is a novel tributyrin complex
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Baseline demographics of study participants

Variable Low dose High dose Combined group
(n=13) (n=11) (n=24)
Age (year)! 24+£5 29+9 25+8
BMI (kg/m?)! 232429 248426 240428
Female : Male (n) 3:10 5:6 8:16
Race (Asian:Cau:His) 9:4:0 5:5:1 14:9:1

'Values are unadjusted means #+ SD. n-number of participants; BMI-body mass index; His-Hispanic;

Cau-Caucasian.

Placebo phase
(7 days)

Active phase
(21 days)

Randomization

Day -7 Day 0
Screening |

High dose (400 mg ButyraGen®)

| | |

T y\Da‘y 3 Day7 Day 14 Day 21

Low dose (200 mg ButyraGen®)

Fig. 1. Study design schema. Randomized, 28-day, 2-arm (200 mg vs 400 mg) parallel design study with a 7-day placebo wash-in and 21-day

active phase.

that generates butyrate through hydrolysis of tribu-
tyrin in the small intestine. Active capsules contained
98.5-99.5% of the ButyraGen® complex powder
(NutriScience Innovations, Milford, CT, USA) and
0.5-1.5% silicone dioxide. The ButyraGen® com-
plex itself contained 50% tributyrin (primary active
ingredient), acacia gum, partially hydrolyzed guar
gum (Sunfiber®), rosemary extract and microcrys-
talline cellulose. Each capsule contained 200 mg
ButyraGen®, which delivers 100 mg tributyrin. Par-
ticipants randomized to the 100 mg tributyrin dose
ingested 1 capsule/day and those randomized to
the 200 mg tributyrin dose ingested 2 capsules/day.
Placebo capsules contained equal amounts of aca-
cia fiber, partially hydrolyzed guar gum, rosemary
extract and microcrystalline cellulose as the active
capsules. Maltodextrin was used to maintain cap-
sule volume and replace the tributyrin ingredient in
placebo capsules.

2.3. Study procedures

Prior to starting the 28-day trial period, eligible
study participants were counseled to maintain usual
dietary and physical activity patterns. Participants
were also instructed on fecal and urine sample col-
lection procedures. Participants arrived at the CNR in
a fasted state (10-12 h, confirmed by finger stick) the
morning of each study visit, with collected fecal and

urine samples. Participant readiness was assessed by
adherence to protocol compliance via dietary records
and questionnaires. Anthropometrics, body compo-
sition, and vital signs were measured. Fasted blood
samples were collected.

Study days that included LMT (Day -7, 21) were
conducted at the CNR via instructions provided in
the Genova Diagnostics Leaky Gut Test Kit. Briefly,
at each LMT, participants consumed a beverage con-
taining two sugars — lactulose and mannitol — and
then collected urine specimens over the following 6
hours.

2.4. Gl tract and tolerability questionnaire

The GI Tract Questionnaire was administered to
participants at each study day visit. Questions were
related to their overall gut health as well as tolerability
of the supplement, including questions about nausea,
bloating, gas/flatulence, bowel consistency, abdom-
inal pain, and off tastes. Questions were phrased
for “Yes/No” answers. If the participant answered
“Yes” they categorized how often they experienced
the related symptom. Options were as follows: “Much
more than usual”, “Somewhat more than usual”,
“Usual”, “Somewhat less than usual” and “Much less
than usual”. Comment boxes were also available for
participants to provide additional information.
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2.5. Fecal sample collection, microbiota
characterization and SCFA analysis

Participants were provided with sterilized recepta-
cles and an insulated cooler bag for both at-home
fecal and urine sample collection. Collected fecal
samples were immediately stored in the insulated
cooler bag with ice packs. Participants were allowed
to collect fecal samples within a 3-day period leading
up to each study visit, though the sample was required
to be provided to the CNR within 24 hours of collec-
tion for processing. Fecal samples were aliquoted and
stored at —80°C for end-of-study analysis.

DNA was extracted from stored fecal sample
aliquots via Chemagic DNA Stool 360 kit. Raw
data was checked using FastQC, followed by qual-
ity filtering and trimming using the algorithm bbduk.
Short read taxonomic annotation was performed
using the software package MetaPhlAn3(v4.0.1) and
functional gene annotation with HUMAnN3(v3.5)
mapping to the UniRef90 catalog (UniRefrelease
2019_01). For downstream analysis, uniRef90 rel-
ative abundance tables were regrouped into the
following higher-level organizations: MetaCyc path-
ways, KEGG orthology and UniProt gene families.

Sample preparation and quantification methods
for SCFAs analysis in fecal samples were adapted
from our previously reported method [18]. In short,
fecal samples were freeze-dried for 24 hours, rehy-
drated with 5 ml of water, centrifuged, acidified and
centrifuged again. The resulting supernatant was
transferred to a gas chromatography (GC) vial for
direct injection. Analysis of SCFAs was performed
on an Agilent 7890A GC coupled with flame ion-
ization detection (FID) with an Agilent J&W GC
Column DB-FFAP (30 m x 0.25 mm x 0.5um). Agi-
lent OpenLab ChemStation software was used for
data collection. Details of the GC-FID method are
previously described [18].

2.6. Chemicals and reagents for SCFA analysis

Analytical grade standards for SCFA analysis
(acetic, propionic, iso-butyric, butyric, iso-valeric,
valeric, and heptanoic acids) were purchased from
Millipore Sigma (St. Louis, MO, USA). Other SCFA
analytical grade standards (4-methyl valeric and hex-
anoic acid) were purchased from Fisher Scientific
(Hampton, NH, USA) and internal standard (IS) 2-
ethylbutyric acid was purchased from TCI America
(Portland, OR, USA). MilliQ water was obtained

from Direct-Q Water Purification System (18.2 M<2-
cm at 25°C, Millipore Sigma, St. Louis, MO, USA).

2.7. Blood sample collection, metabolic and
inflammatory marker analysis

Fasting blood samples were collected at each study
visit at the CNR. Vacutainers coated with ethylene-
diaminetetraacetic acid (EDTA) were placed on ice,
centrifuged for 15 minutes (4°C, 453 x g) and
aliquoted for plasma. Serum Separation Tubes (SST)
were used to collect serum samples. SST vacutainers
were allowed to clot upright at room temperature for
30 minutes before being centrifuged for 15 minutes
(4°C, 453 x g) and aliquoted. Plasma and serum sam-
ples were stored at —80°C until analysis at the end of
the study.

Serum glucose, insulin, triglycerides and plasma
high-sensitivity c-reactive protein (hs-CRP) were
assessed using Randox Daytona Automated Clini-
cal Analyzer (Randox) with appropriate standards
and controls. Tumor necrosis factor alpha (TNF-
o) and interferon-gamma (IFN-y) were measured
in plasma using Quantikine high sensitivity ELISA
assay methods (cat. HS TAOOe and DIFO, respec-
tively; R&D Systems, Minneapolis, MN, USA).
Zonulin was measured in plasma using an ELISA
assay method (cat. EKC36091; Biomatik, Kitchener,
ON, CAN). Lipopolysaccharide (LPS)-binding pro-
tein (LBP) was measured in plasma using an ancillary
ELISA assay method (cat. DY0OO8B; R&D Systems,
Minneapolis, MN, USA).

2.8. Urine sample collection and lactulose
mannitol test

First-morning urine samples were collected on the
morning of each study visit. Collected samples were
stored in the insulated cooler bag with ice packs until
provided to CNR staff. On study days that included
LMT (Day -7, 21), first-morning urine samples were
first aliquoted and stored via instructions provided
by the Genova Diagnostics Leaky Gut Test Kit. The
remaining and first-morning urine samples collected
on all other study days (Day 0, 3,7, 14) were aliquoted
and stored at —80°C for end-of-study analysis.

Urine specimens for LMT study days (Day -7, 21)
were collected over a 6-hour period after consum-
ing the lactulose-mannitol beverage. All urinations
during that time frame were collected in a sterilized
receptacle and then added to a larger urine collection
jug where all collected urine samples were consoli-
dated. The larger urine collection jug was stored at
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refrigerated temperatures until the test was complete.
After the final urine sample was collected, total urine
volume was recorded and a homogenized urine sam-
ple was aliquoted. Collected urine samples from LMT
study days were shipped to Genova Diagnostics, USA
for analysis.

2.9. Statistical analysis

Statistical analysis was performed on PC-SAS
9.4 (SAS Institute). Normality distributions were
analyzed and determined by the Shapiro-Wilk test
(p>0.05). Analytes that did not conform to normal
distributions were logjo-transformed prior to sta-
tistical analysis. Paired #-test analysis was used to
determine differences between Day -7 and Day 0 to
assess the effect of the placebo phase. No statistical
difference was found between Day -7 and Day O for
any analyte; therefore, Day -7 was used as the base-
line. Paired #-test analysis was also used to determine
significant changes in fecal SCFA content, metabolic
markers (glucose, insulin and triglycerides), inflam-
mation markers (hs-CRP TNF-a, IFN-vy, zonulin and
LBP) and LMT results between Day -7 and Day
21. Statistical significance was determined based on
a 2-sided comparison at the 5% significance level
(p <0.05) for assessing differences in baseline mea-
sures and all analytes. Trends were identified between
0.05 < p <0.10. When appropriate, combined group
(n=24) analysis was used to increase statistical
power.

Statistical analysis of relative abundances at
the phyla level of taxonomic classification was
completed with data tables as annotated by
MetaPhlAn3(v4.0.1) and exported to Excel as a
spreadsheet. In Excel, the Student’s 7-test was used to
compare relative abundance values, with significance
defined as p <0.05. Raw counts were normalized to
percentages for relative abundance based on total
abundance per sample. Analysis of alpha- and beta-
diversity, as well as differential microbial feature
analyses, correlation analyses and feature selection,
were performed within the R programming environ-
ment, as described previously [19].

3. Results

3.1. Participant demographics and
characteristics

A total of 33 participants were screened, of which
29 passed the initial screening and were enrolled in

the study (Fig. 2). Five dropped out at various stages,
and twenty-four participants (low-dose group,n=11;
high-dose group, n=13) completed the study. All 24
participants were considered the evaluable data set
for data analysis. Baseline demographic information
isavailable in Table 1. In general, this was a young and
healthy group without pre-existing digestive issues.

3.2. Gl tract questionnaire and supplement
tolerability

Overall, the ButyraGen® supplement was well tol-
erated. Minimal disruption to normal gut activity
was observed over the course of the study (Table 2).
One participant (n=1) of the 24 reported “Some-
what Unpleasant” lingering aftertastes throughout the
course of the study. An additional participant (n=2)
also reported “Somewhat unpleasant” on Day 14, but
did not report unpleasantness prior to or at subsequent
visits (Table 2). Questionnaire results also indicated
minimal disruption to normal gut activity. Few occur-
rences of diarrhea, constipation, or lower abdomen
discomfort were reported. One participant’s baseline
questionnaire was collected during their menstrual
cycle, in which they reported “Much more than usual”
abdominal pain and lower abdominal pain. Another
participant experienced self-reported food poisoning
around Day 7 of the study. The onset of the food
poisoning contributed to “Much more than usual”
occurrences of nausea, gastrointestinal rumblings,
abdominal pain, diarrhea, stomach pain/aching and
lower abdomen discomfort. On both occasions, these
reports were not related to the study product.

One participant reported “Somewhat more than
usual” in categories of diarrhea, bloating, gastroin-
testinal rumblings, gas/flatulence and lower abdomen
discomfort from Day 0 to Day 21. Symptoms of bloat-
ing, gastrointestinal rumblings and gas/flatulence
escalated to “Much more than usual” at Day 14,
but symptoms deescalated to “Somewhat more than
usual” by the following week.

3.3. Fecal SCFAs

A total of nine SCFAs (acetic, propionic, iso-
butyric, butyric, iso-valeric, valeric, 4-methyl valeric,
hexanoic and heptanoic acids) were identified and
quantified in freeze-dried fecal samples. Acetic, pro-
pionic and butyric acids were used to compare the
intervention effects due to the low abundance of all
other SCFAs.
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| Screened/consented (n=33) |

¥

| Disqualified (n=4)

| Randomized (n=29)

{

| Completed Day -7 (n=29)

—

1 Drop-out during placebo period (n=1) |

Placebo
period

Completed Day 0 (n=28)

—

i Drop-out during active period (n=3) |

| Completed Day 3 (n=25)

i

i

Active period

| Completed Day 7 (n=25)

Completed Day 14 (n=25)

—

! Drop-out during active period (n=1) |

| Completed Day 21 (n=24)

Analyzed fecal SCFA data (n=24): Low dose completer (n=13); High dose completer (n=11)
Analyzed plasma metabolic data (n=24): Low dose completer (n=13); High dose completer (n=11)
Analyzed LMT data (n=24): Low dose completer (n=13); High dose completer (n=11)

Fig. 2. CONSORT flow diagram. Evaluable data set (n =24) following completion of the study.

Table 2

GI Tract questionnaire and supplement tolerability. Number of participants (n) experiencing symptoms more than usual

Study time point

Placebo phase Active phase
Based on the previous 7 days Day —7 Day 0 Day 3 Day 7 Day 14 Day 21
(n=22) (n=21) (n=23) (n=23) (n=24) (n=21)

Nausea, (1) 1b
Bloating, (n) 1 2 1 2 1
Gastrointestinal rumblings, (1) 1 3b 1 2
Gas/flatulence, (n) 1 2 3 2 4 2
Abdominal pain, (n) 12 1b 1
Diarrhea, (1) 1 1 2° 1 1
Constipation, (1) 1
Indigestion, (1) 2 2 1 1
Stomach pain/aching, (n) 1 1 1b 1
Discomfort in lower abdomen, (1) 12 1 1 2b 2 2
Lingering taste after consuming the 1 1 1 2 1
capsule(s), (n)
20ne participant reported menstrual cycle. ®One participant reported food poisoning.

All three fecal SCFAs showed decreasing trends 350 * W Baseline
from baseline (Day —7) to the end of the study (Day 300 ®Day 21

21) in the whole population as well as within inter-
vention groups. A significant decrease from baseline
in acetic acid (p =0.03) and propionic acid (p =0.03)
was observed in the whole population (Fig. 3).

3.4. Gut microbiome composition

Within sample (a-diversity) and between samples
(B-diversity) diversity was not significantly changed
with ButyraGen® supplementation at either dosage
comparing baseline (Day -7) to Day 21. At the phyla
level, abundances of Firmicutes and Bacteroidetes or

SCFA, umol/g
5 & 8 &
o o o o

[
=]

Acetic Propionic Butyric

Fig. 3. Fecal short-chain fatty acids (SCFA). Comparison of fecal
SCFAs between baseline (Day -7) and Day 21 in whole population
(n=24). Data were analyzed by paired ¢-test. Values are unadjusted
means £+ SEM. *p <0.05.
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Table 3

Phyla analysis and Firmicutes/Bacteroides (F/B) ratio of combined
group (n=24)

Variable Baseline! Day 21! p-value?
Bacteroides 0.294 0.274 0.67
Firmicutes 0.535 0.590 0.23
F/B Ratio 3.204 6.947 0.23

! Average relative abundance. 2Student’s #-test.

their ratio (F/B) also did not significantly change with
supplementation (Table 3). Predicted pathway anal-
ysis from microbial DNA was also not significantly
changed (¢ > 0.05, Supplemental Table 2). Other tax-
onomic analyses of specific genera, species, etc. did
not yield any statistical effects related to the study
(data not shown).

3.5. Metabolic markers - glucose, insulin and
triglycerides

Fasting glucose and insulin were not different
between supplement dosage groups nor in the popu-
lation as a whole from baseline (Day -7) to the end of
the study (Day 21) (Fig. 4a, b). Serum glucose con-
centrations showed decreasing trends from baseline
to the end of the study in the low-dose group (p =0.10,
Fig. 4a). The high-dose group showed the opposite
response with an increase in glucose from baseline
to the end of the study, but it was not significant.
Fasting serum triglyceride concentrations at baseline
(Day -7) and end of the study (Day 21) for com-
bined groups (n=24) and the low-dose (n=13) and
high-dose (n=11) groups are shown in Fig. 4c. A sig-
nificant increase in fasting triglycerides was observed
in the high-dose group (p=0.02), but not in the low
dose group (p >0.05).

3.6. Inflammation markers- hs-CRP, TNF-«,
IFN-y, Zonulin and LBP

A marginally significant reduction in hs-CRP
concentration was observed in both the low-dose
(p=0.08) and high-dose (p =0.07) groups (Fig. 5a).
No significant changes were observed for IFN-y
(Fig. 5b), TNF-a (data not shown), zonulin (data not
shown) and LBP (data not shown) in either group or
the population as a whole.

3.7. LMT

Data related to the LMT were evaluated and
reported by Genova Diagnostics, Inc. Reported
intestinal permeability data included lactulose per-
cent recovery, mannitol percent recovery and
lactulose to mannitol ratio. No significant differences
in any of the intestinal permeability data categories
were observed from baseline to the end of the study
in either intervention group or the whole population.

4. Discussion

To our knowledge, this study reports for the
first time the effects of oral tributyrin supplementa-
tion in free-living, healthy adults in a randomized
controlled study. Prior research included one non-
randomized/non-controlled study in three people and
two other clinical trials investigated tributyrin sup-
plementation in people with solid tumors at high
pharmacological doses [16, 20, 21]. All other known
tributyrin supplement studies have been conducted
in animal models [17, 22-27]. In the present study,
ButyraGen® was used as the source of tributyrin.
The main findings of the present study were: 1)
the supplement was well tolerated, 2) fecal acetic
and propionic acids were decreased in the combined
dose group analysis, 3) gut microbiota composition
was unchanged, 4) serum triglycerides concentra-
tions were increased after supplementation with the
high dose, 5) hs-CRP, a marker of inflammation was
moderately reduced in both dosage groups, and 6)
glucose was moderately reduced in the low dose
group.

Questionnaire-based results indicated
ButyraGen® was well tolerated by all individu-
als and no adverse effects related to the supplement
were observed. Previous tributyrin supplementation
trials in humans by Conley et al. and Edelman et
al. also concluded tributyrin is generally tolerable,
though both studies were conducted at considerably
higher dosage levels than the current study. In
the study by Conley et al., an adverse event was
reported at a dose of 50 mg/kg, which may not
be related to the intervention, according to the
investigators [16]. Regardless, a 50mg/kg dose
corresponds to 3,500 mg of tributyrin for a 70kg
individual, which is 17.5 times the highest dose
in the current study. Edelman et al. reported no
adverse events at 150 mg/kg dose, 3 times daily,
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TG, mg/dL
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17 M Baseline
16 B Day 21

Insulin, IU/mL
&

Al
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(b)

Fig. 4. Metabolic markers. Comparison of metabolic markers between baseline (Day -7) and Day 21 in whole population, low dose (n=13)
and high dose (n=11) groups. Data for each analyte were analyzed by paired #-test. Values are unadjusted means = SEM. (a) glucose (b)

insulin (c) triglycerides (TG). *p <0.05; #p <0.10.

hs-CRP, mg/L
= N
- (9] N w

o
n

o

(a) All Low Dose

High Dose

(b) All

3 M Baseline
B Day 21

IFN-Y, pg/mL
-
[9,]

Low Dose High Dose

Fig. 5. Inflammation markers. Comparisons of inflammation markers between baseline (Day -7) and Day 21 in whole population, low dose
(n=13) and high dose (n=11) groups. Data for each analyte were analyzed by paired #-test. Values are unadjusted means == SEM. (a) High
sensitivity C-reactive protein (hs-CRP) (b) interferon gamma (IFN-v). #p <0.10.

corresponding to 31,500 mg of tributyrin for a 70 kg
individual and more than 150 times the dose in the
current study [20]. Outside of one participant who
consistently experienced gastrointestinal-related
symptoms (diarrhea, bloating, gastrointestinal
rumblings, gas/flatulence, indigestion and lower

abdomen) throughout the present study, there were
either sporadic or no reports of changes by partic-
ipants. Evaluations of taste also indicated general
acceptability.

Gut microbiome analysis was conducted to deter-
mine if tributyrin supplementation in a healthy
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population would alter gut microbiota composition,
particularly those bacteria associated with butyrate
generation. Well-known butyrate-producing bacteria
in the large intestine include Faecalibacterium praus-
nitzii and Eubacterium rectale/Roseburia spp. [11,
28]. The results of the current research showed no sig-
nificant shifts in gut microbial composition, including
those related to butyrate production. The results may
not be unexpected given that most butyrate expo-
sure from ingestion of tributyrin occurs in the small
intestine as a result of hydrolysis by lipases, and lim-
ited butyrate likely reaches the proximal colon after
oral supplementation. However, even with limited
accessibility to the colon, no adverse suppressions in
(endogenous) butyrate producing bacteria were evi-
dent, and the predicted metabolic pathway analysis of
DNA extracted from fecal samples suggests possible
bioactivity in select pathways. These include path-
ways related to fatty acid biosynthesis and oxidation
and pyruvate fermentation (Supplemental Table 2).
While these trends may represent possible butyrate
supplementation effects, metatranscriptomic analy-
sis is necessary for confirmation and was outside the
scope of this study.

While there were no apparent changes in fecal
butyrate, decreases in fecal acetic and propionic acid
content was observed in the combined group (n =24)
after ButyraGen® supplementation. A 4-week study
by Cleophas et al. investigating sodium-butyrate
supplementation in lean (22.0+2.3kg/m?, n=9)
and obese (33.2 & 3.6 kg/m?, n=10) males reported
similar results related to fecal SCFA content. In
both groups, butyrate supplementation significantly
decreased fecal acetic and propionic acid con-
centrations. However, fecal butyric acid was not
significantly changed in the lean group, but was
significantly lower in the obese group after supple-
mentation [29]. In the current study, BMI for the
combined group (n=24) was 24.0 4 2.8 kg/m>. The
findings of this study are concurrent with that of the
work by Cleophas et al. in lean participants. The ratio-
nale for these findings, including our own, is not clear.
Asbutyrate is the main energy source for colonocytes,
its availability for measurement in stool samples may
be affected by gut transit time, need by colonocytes,
microbial cross-feeding and individual diet, which
may vary between lean and obese individuals, adding
variance and making interpretation difficult within
the scope of the present study. The lack of detected
changes in fecal butyrate in this study could have been
due to any one of these reasons, as well as, absorp-
tion in the proximal intestine. Blood sample analysis

for butyrate was explored using the GC-FID method.
However, this method was not sensitive enough to
detect meaningful butyrate changes in the blood.
Extraction of butyrate by the intestine and the liver
is significant, limiting detection and quantification
in the blood [30]. Further investigation and sensitive
methods for low SCFA blood analysis are necessary
to understand butyrate metabolism. Changes in fecal
acetic and propionic acid content may be induced
by tributyrin supplementation, but further analysis is
also needed to understand the mechanisms contribut-
ing to these results.

Butyrate modulates the epithelial barrier by regu-
lating the tight junction proteins in the intestine, but
little evidence supports changes specifically in the
small intestine where the action of tributyrin likely
occurs [7, 27]. The LMT by Genova Diagnostics,
USA evaluates non-specific intestinal permeability
by measures of transcellular and paracellular perme-
ability and compares it against a reference group.
Baseline assessments of gut permeability markers via
LMT indicated the study population had a generally
healthy gut based on this assessment tool. No signif-
icant supplementation-related effects were observed
with the intervention concurrent with other findings
related to the gut in this study. Future studies in
individuals with compromised intestinal integrity are
warranted to understand the impact of butyrate sup-
plementation on intestinal permeability.

Several markers of inflammation were based on
the hypothesis that butyrate has anti-inflammatory
properties [6, 7, 14, 25, 26]. TNF-a, IFN-y, zonulin
and LBP are known to be associated with gut
inflammation. Despite a healthy group with baseline
values within healthy ranges, a marginally significant
lowering of hs-CRP concentrations was observed
in both the low-dose and high-dose groups. hs-CRP
is a widely used, non-specific marker of inflamma-
tion produced by the liver. Butyrate derived from
tributyrin is likely absorbed from the small intestine
into the portal vein where it is available for first-pass
metabolism in the liver. Cummings et al. investigated
SCFA content in regions of the large intestine as
well as in portal, hepatic and peripheral blood of
sudden death victims. Hepatic blood concentrations
of SCFAs were 61% lower than those of the portal
vein, indicating significant extraction of SCFAs by
the liver [31]. As an oral supplement, small intesti-
nal absorption of butyrate by-passes colonocyte
extraction and may allow for more direct effects on
the liver. Butyrate contributes to a wide variety of
biological processes in the gut-liver axis. Among its
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beneficial properties, anti-inflammatory, metabolism
regulatory and anti-oxidative effects have been
documented [32]. A study by Roshanravan et al.
observed significantly decreased TNF-a m-RNA
in monocytes isolated from participants with type
2 diabetes supplemented with sodium butyrate fol-
lowed by significantly decreased hs-CRP compared
to the placebo control group. Based on the data, they
proposed that butyrate inhibits NF-kappa B-related
inflammatory gene activation, thereby reducing
inflammation [33]. Furthermore, available data
suggests that histone deacetylase (HDAC) inhibition
prevents NF-kappa B activation by suppressing
proteasome activity. In vitro studies suggest that
butyrate and the specific HDAC inhibitor trichostatin
A (TSA) reduced cellular proteasome activity simi-
larly [34]. Results of the current study data indicates
possible effects of butyrate’s HDAC activity and
G-protein coupled receptor activation, albeit subtly,
related to observations in hs-CRP, glucose and TG
[32]. The effect of tributyrin supplementation in
individuals with metabolic dysregulation is an area
rich for future investigation.

Significant dose-related intervention effects on
analytes measured in the present study were not
observed with ButyraGen® supplementation. How-
ever, a possible low dose phenomenon was observed,
particularly in IFN-vy and glucose concentrations. In
both measures, the low dose group showed trends
of lower IFN-y and lower glucose with supplemen-
tation, while the high dose group showed trends of
increased concentrations with supplementation. Fur-
ther investigation is needed to understand the mecha-
nisms contributing to these effects. It is possible that
tributyrin, possibly as formulated in ButyraGen®, a
generator of butyrate, has a hormetic effect [35]. Such
an attribute would be ideal for chronic use as a dietary
supplement, whereas much higher doses are effec-
tive for therapeutic and medicinal applications, as
demonstrated in early clinical trials [16, 20].

This study had its strengths and its limitations. This
was a 28-day study with a sequential placebo design
where participants began the study in the placebo
phase for 7 days before initiating the active sup-
plementation phase for 21 days. A parallel-placebo
study design may have provided more insight into the
effects of ButyraGen® supplementation compared to
no supplementation. The free-living conditions of the
study participants may be considered a limitation
due to inter-individual variability in usage, diet back-
ground, known microbiome variance, and other envi-
ronmental factors influencing outcomes. However, an

advantage is that we can better understand usage in
real life conditions. The sample size was a limitation
of this study, though this was designed to be a pilot
study to inform future direction. The health status and
age of our population may also be viewed as a limita-
tion, although it was an appropriate starting point for
considering tolerability and acceptance of a dietary
supplement and potential biological effects for health
maintenance, which surfaced for follow up research.

Few studies evaluating tributyrin supplementation
in humans are available. Previous work demonstrated
actions of tributyrin in people with solid tumors
at pharmacological doses [16, 20]. This extremely
high amount of butyrate or butyrate precursor
would not be acceptable for acute or chronic daily
supplement for maintenance of health. The present
study demonstrated ButyraGen® is a promising
tributyrin-containing complex that can be taken
daily at a safe and tolerable level. This study was
also informative regarding possible alternative
mechanisms of butyrate generation and utilization
outside of the large intestine. A proposed mechanism
of action of tributyrin supplementation (as assessed
using ButyraGen®) includes butyrate generation
and absorption in the small intestine followed by
transport to and activity in the liver, where further
mechanistic evaluations are needed to unveil its
downstream effects.
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