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Abstract

Background: The diverse microbial community in our gastrointestinal
(GD) helps in the fermentation of metabolites of Short Chain Fatty Acids
(SCFAs), mainly acetate, propionate, butyrate, and small number of
lactates. Acetate, propionate, and butyrate maintain colonic lining integrity
and ideal colon activity. Butyrate is also known to be an energy source
and assist in anti-inflammatory response. Maintaining an optimal ratio of
these SCFAs reduce the risk of inflammation and promote a healthy colon.
We evaluated the effect of Revivify Oral Liquid Gel (composition: US
Patent 11 224 636) on gut microbiomes and SCFAs by an in vitro model of
gut microbiome study. Gut microbes were cultured in 2 ml 96-well plates
and treated with control, SOD, Prefibrotic fiber, Fruit juice, and Revivify
gel for 48 hours followed by metaproteomic, chemical analysis (SCFA
content), and microbiome profiling.

Results: We found that the amount of SCFAs increased by 2.5 folds,
when treated with Revivify gel but the ratio of the SCFAs remain the same
across all the treatment groups. Revivify gel promoted the growth of the
Firmicutes spp., especially Lactobacillus, a probiotic organism.

Conclusions: Our study demonstrates that Revivify gel promotes a balanced
increase of the SCFAs in a consistent manner, supporting a beneficial
population of gut microbes for optimal gastrointestinal functionality.

Background

The gut microbiota is being increasingly recognized as a key factor in
human health and disease [1], and as such, it is an important target for drug
therapy [2]. Evidence is mounting that microbial metabolism of drugs can
directly affect drug efficacy and toxicity [3,4], and that drugs can, in turn,
alter the composition and function of the gut microbiota [5-9], potentially
affecting the health of the host. Therefore, the gut microbial ecosystem,
specific microbes, and microbial pathways are novel targets in drug discovery.
In vitro culture models could be a timely and cost-efficient way to discover
microbiome responses to drugs. However, current culture models do not
maintain the functional and compositional profiles of the gut microbiome.
To simulate an in vivo microbial ecosystem, it is key to conserve both the
composition and functional activities of an individual's microbiome. In current
in vitro culturing methods, profound shifts in taxa proportions have been
frequently described during both batch culturing [10,11] and continuous flow
culturing models [12,13] when compared to the inoculum. Importantly, shifts
in microbiome composition can alter their functional properties and ecological
processes [14], which could affect microbial responses to drug stimuli. To the
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best of our knowledge, there have been no reported models
that maintain microbiome properties like the inoculum. In
particular, the preservation of functional activities has not
been described elsewhere. Moreover, a high percentage of
marketed drugs, and compounds in development, may have
off-target effects on the gut microbiome [15,16]. Maier
observed that non-antibiotic drugs had extensive antibiotic-
like impacts on cultured human gut bacterial strains [17].
However, the response of isolated strains may differ from
that of a functionally preserved gut microbiome due to the
complex functionality of a microbial community. Therefore,
systematic studies of drug effects using functionally
maintained individual gut microbiomes, as the in vitro model,
is a pressing need. For long-term observations of xenobiotic
effects, continuous flow systems [10,12,18] and microfluidic
models [19,20] work well. However, these models cannot
be readily adapted for high-throughput approaches, partially
due to their sizes and the time required for setting up and
stabilizing these bioreactors.

Gut microbes can respond to altered environmental
factors within a single day [21-23]. To gain a deep insight
into a microbiome's responses to drugs, a technique that can
precisely quantify microbial functional activities is required.
Metaproteomics is a meta-omic tool that directly quantifies
the microbial functional responses at the end-product level of
expressed proteins [24]. The development and application of
mass spectrometry (MS)-based metaproteomic technologies
in gut microbiome research has thrived in recent years.
The identification coverage and sensitivity of MS-based
metaproteomics have increased dramatically, enabling in-
depth analysis of microbiome functional activities [25,26].
An advantage of metaproteomics when compared to
sequencing-based techniques is that it can combine functional
and phylogenic information. Metaproteomics is also more
accurate for biomass estimates on a species level [27], and
it enables the study of taxon-specific functions through
annotation of unique peptides [28]. Comparison of taxon-
specific functional profiles of the microbiome is important
for determining cultured stability and drug responses. This
is because overall functions can remain relatively stable
due to the redundancy of functional genes among species
in a gut microbiome [29]. As well, genes predicted from
metagenomic analyses are not necessarily expressed.
Therefore, metaproteomics is a suitable tool for insights into
in vitro drug responses of gut microbiome.

In this study, we established a scalable in vitro model
for the maintenance of gut microbiome profiles. This model
adopted an optimized culture medium and a 96-deep well
plate-based format for microbiome culture. The model was
first evaluated for its ability to maintain gut microbiome
profiles in vitro, followed by testing and evaluation of the
model's in vitro correlation with in vivo drug response. This
culture model enabled, in combination with metaproteomic
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analysis, the assessment of drug effects on the microbiome at
compositional and functional levels. This model maintained
high microbiome compositional stability and greater than
0.83 taxon-function similarity (Pearson's r) over 48 h. In
addition, we will demonstrate that our model recapitulated
the in vitro effects of prebiotic fiber agents observed on gut
microbiomes.

Materials and Methods
Stool Specimen Collection and Processing

Approximately 3 g of fresh stool sample was collected
from an individual using a 2.5 ml sterile sampling spoon
(Bel-Art, United States). The spoon was dropped into a 50
ml Falcon tube containing 15 ml of sterile PBS pre-reduced
with 0.1% (w/v) L-cysteine hydrochloride. The samples were
immediately transferred into an anaerobic workstation (5%
H,, 5% CO,, and 90% N, at 37°C). Before homogenization
with a vortex mixer, the tube was uncapped for a few seconds
to enable gas exchange and in particular oxygen removal.
Sample homogenates were filtered using sterile gauze and were
immediately inoculated into each medium for static culturing
at a final inoculum concentration of 2% (w/v). Culturing of
an individual's microbiome was carried out in 1 ml MiPro
medium. For the study, 32 replicates were cultured for each
medium, allowing for 4 replicates at 8 different time points.
Microbiomes were characterized at 0 (immediately after
inoculation), 3, 6, 9, 12, 24, 34, and 48 h by measurements of
the optical density at 595 nm (OD,,), as a proxy of microbial
growth and biomass, and by metaproteomic analyses.

Establishing the In Vitro Gut Microbiome Culture
Model

Bacterial cells are cultured in 96-deep well and covered
with a silicone-gel mat, which was perforated at the top
of each well. This cover facilitates gas-exchange with the
outer environment in the chamber, to preserve the partial
pressure of gases and volatile metabolites in each well, which
could subsequently preserve certain levels of dissolved gas
molecules in the culture medium.

In Vitro Experiment Using Prebiotic Fiber Agents

The in vitro microbiome drug response was evaluated
in the culture model using different prebiotic fiber agents.
We hypothesize that the prebiotic fiber agent alters gut
microbiota composition and functions [5,6,30]. We, therefore,
employed these compounds to validate our culture model by
comparing the impact of this agent exposure on gut microbial
communities in our irn vitro model. Briefly, the culture model
was inoculated with the stool microbiome and cultured for 24
h in the presence or absence of the prebiotic fiber agents. The
optimal in vitro concentration of the prebiotic fiber agents
are as follows: Superoxide dismutase (SOD) (0.1 mg/ml),
Prefibrotic fiber (1.3 mg/ml), Fruit Juice (0.46 mg/ml), and
Revivify gel (0.56 mg/ml). For the growth study, 1 ml of each
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of the treatment and control cultures were collected at 0, 3,
6,9, 12,24, 34, and 48 hours. Cultured microbiome samples
were harvested at 24 hours for metaproteomic analysis by
removing 1 ml of the culture in labelled eppendorf tubes.

Maintaining a Taxon-Specific Functional Profile

To evaluate the effectiveness of culture model to simulate
the in vivo features of the gut microbiome inoculum, we
will use a metaproteomic approach [27,39] to characterize
the taxonomic and functional stability of an individuals' gut
microbiomes over 9, 24, 34 and 48 h of growth in the media.
A minimum of three cultured, technical replicates will be
analyzed at each time point by LC-MS/MS. Ninety high-
quality MS raw files were obtained with a total of 2,066,069
MS/MS spectra. With an average MS/MS identification rate
0f 40.8% + 4.5% (mean + SD), a total of 58,848 peptides and
16,326 protein groups were identified with a false discovery
rate (FDR) threshold of 1%. Bray-Curtis dissimilarity-based
approach [46] will be applied for evaluating the variation of
species biomass contributions between groups. All cultured
microbiomes clustered closely with their corresponding
inocula (0 h baseline samples). To assess the stability of
functional activities, the identified proteins will be annotated
with COG categories and the abundance of each COG
category was calculated by summing the LFQ intensities of
all the proteins belonging to the same COG category [47].
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Principal component analysis (PCA) will be used to assess
the relatedness of the samples based on the functional makeup
of the metaproteomes. In order to assess the maintenance
of taxon-specific functional traits, we carried out a taxon-
function-coupled analysis using the iMetaLab platform [48].

Results

Revivify Gel Promotes the Overall Growth of Gut
Microbiome

According to our 48-hour growth study, we found that
starting after 9 hours of treatment, Revivify gel promotes
growth of the overall gut microbiome significantly when
compared to other individual prebiotic components of the gel
[Figure 1]. Prefibrotic agent and SOD results in approximately
an OD,, of 0.6 which is comparable to Control (no
treatment) after 48 hours of growth suggesting that these two
components do not provide any advantage to gut microbial
growth. Cultures treated with Revivify gel has a significantly
higher OD_,, of 1.9 which is a 2.2-fold-change compared to
Control. In addition, it appears that fruit juice, which contain
polyphenols, one of the components of Revivify gel, can also
significantly promote gut microbial growth after 12 hours of
treatment. Therefore, these results suggest that the patented
combination of the different components (Prefibrotic fibers,
SOD, and Fruit juice) that is used in Revivify gel appears to
have a proliferating effect on the gut microbiome.

Effect of REVIVIFY Components on Gut Microbiome Growth Using Silicone Mat
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Figure 1: Revivify gel promotes the growth of gut bacteria. Gut microbiome, when treated with Revivify gel, significantly increases growth
9 hours post treatment *(p < 0.05). Fruit juice, containing polyphenols, a component of Revivify gel also significantly promotes gut microbial

growth 12 hours post treatment x(p < 0.05).
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Revivify gel promotes the growth of beneficial gut
bacteria

Our study further demonstrated that Prefibrotic fiber, Fruit
juice, and Revivify gel promoted the growth of the Firmicutes
spp., especially Lactobacillus when compared to the control
(no treatment) and SOD [Figure 2]. Lactobacillus is an
essential probiotic organism that promotes robust breakdown
of food material and aids in the absorption of nutrients for the
host. In addition, lactobacillus also ensures that opportunistic
pathogenic bacteria in the gut do not outcompete the beneficial
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flora that may increase the risk of gastrointestinal ailments.
Our microbiome profiling result shows the highest increase in
lactobacillus group when the gut microbiome is treated with
Revivify gel.

Revivify gel increases short-chain fatty acids without
changing their relative ratios

Our study shows the change in gut microbial composition
[Figure 2] as well as the SCFAs when they were treated four
different compounds: SOD, Prefibrotic fiber, Fruit Juice,
and Revivify gel. In response to the treatment with Revivify

Prefibrotic Flur

lBrﬁdabanl'mum spp. W Lactobacillus group

Fruilt Juice Revivify Gal

Figure 2: Revivify gel promotes the growth of beneficial gut bacteria, lactobacillus group (blue), while
suppressing the growth of opportunistic Bifidobacterium spp. (red). Between Bifidobacterium spp. which is
harbors opportunistic bacteria, and lactobacillus group, the percentage of lactobacillus is at 45% and then
increases to 50%, 60%, 70% and 80% for SOD, Prefibrotic fiber, Fruit juice, and Revivify gel respectively.
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Figure 3: Revivify gel increases the production of Short Chain Fatty Acids (SCFAs). Revivify gel and its
individual components upregulates the production of acetatic acid, propionic acid, butyratic acid, and lactatic
acid in the human GI environment. When compared to control, Revivify gel significantly increases the
concentrations of acetatic acid **(p < 0.05) and butyratic acid **(p <0.05).
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Figure 4: Revivify gel upregulates the production of Short Chain Fatty Acids (SCFAs) without disrupting
their relative ratios. The ratio and of all four SCFAs remains the same even though Revivify gel and its other
individual components increase their concentrations upon treatment as shown in figure 3.

gel, SCFAs increases significantly [Figure 3] but the ratio
of the SCFAs remain the same across all the treatment
group including the control [Figure 4]. This demonstrates a
beneficial and consistent upregulation in the production of
SCFAs when treated with Revivify gel. The concentrations
of SCFAs when compared between control and Revivify gel
the are as follows: acetate: 30 vs 80 pmol/ml, propionate: 9
vs 25 pmol/ml, butyrate: 15 vs 35 pmole/ml, and lactate: 6 vs
12 pmole/ml. This is a significant increase of approximately
more than 2 folds compared to control. Interestingly, the ratio
of SCFAs between control and each treatment group relatively
remain same and it appears to be as follows: acetate (53%),
propionate (15%), butyrate (24%), and lactate (8%). These
data suggest that Revivify gel promotes the production of
beneficial SCFAs without disrupting their relative amounts.

Discussion

The gut microbiome constitutes a complex microbial
ecosystem in which each microbe may play a different
functional role to maintain optimal gut and human health
[30]. In addition, these microbes also maintain a good
proportion of beneficial species so competition does not
result in opportunistic pathogens taking over [30,31].
Changes in diet and susceptibility to diseases, can trigger
compositional and functional alterations in the microbiome.
For example, Vallianou mentions how patients with non-
alcoholic steatohepatitis (NASH) show a higher populace
of Proteobacteria, Enterobacteriaceae, and Escherichia
spp., while the populations of Faecalibacterium prausnitzii
and Akkermansia muciniphila were reduced [32]. Although
some studies have shown that the gut bacterial community
can be cultured in vitro [10-12,33], these studies have not
demonstrated the maintenance of the microbiota's functional
activities. While taxonomic profiling is important to
characterize an individual's microbiome, biological processes
and functions cannot be assessed by compositional analyses

only. Elucidating biological processes and functions are
essential for gaining deeper understanding of the microbiota's
behavior and functional activities and ultimately for designing
microbiome-targeted manipulations. The need for functional
understanding is even more crucial given that the microbiome's
functions can be altered because of compositional changes.
For example, sialylated milk oligosaccharides elicit a
microbiota-dependent growth in mice, which are used as
models of infant undernutrition by inducing the production
of microbial metabolites, yet without any significant change
in the relative abundance of most microbes [34]. Our study
illustrates the overall ratio of the gut bacterial community
by taxonomic class is important for the overall health of the
organism. Certain imbalances in populations of microbiome
populations contribute to elicit different diseases. Hills R
mentions how organisms that have a higher ratio of Firmicutes
to Bacteroidetes were shown to have higher trimethylamine
N-oxide (TMAO) concentrations, indicating a higher risk of
cardiovascular disease [35]. Different metabolites tend to shift
the microbiota in different ways. To illustrate this further, Liu
X [36] showed that glutamic acid appeared to decrease the
population of Oxalobacter, leading to potentially causing
cardiometabolic and kidney diseases later [36]. Another
phylum of bacteria in the gut called Proteobacteria were
changed by metabolites like S-methyltetrahydrofolic acid,
alanine, glutamate, and selenium [36]. Jeffery Ian conveys in
the results how irritable bowel syndrome (IBS) patients were
shown to have an increase of Firmicutes-associated taxa and
a decrease in Bacteroidetes-associated taxa which is similar
to the findings of Hills R [37]. Jiayu Wu mentions that obesity
shows a significant decrease in the populace of Akkermansia,
Faecalibacterium, Oscillibacter, and Alistipes [38].

Elucidating the microbiomes’ function requires a
comprehensive quantification of the transcripts, proteins and/
or metabolites produced by the microbial community. We
used a metaproteomic approach [27,39] to characterize the
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microbiome's population changes in response to treatment
with pro-fibrotic agents. To build an in vitro model to assess
the microbiome response to pro-fibrotic agents, it is critical to
preserve both the compositional and functional profiles of an
individual's microbiome. In our in vitro model, the perforated
silicone-gel cover allowed the escape of the gas produced by
the gut microbiota while minimizing inward gas diffusion from
the anaerobic chamber. The 96-deep well format maintained
the microbiome composition. One possible explanation could
be that the silicone-gel cover may have increased the partial
pressure of gasses produced by the gut microbiome, such
as H,, CH,, H,S, and NOX, etc. [40] and volatile organic
compounds, such as SCFAs to simulate the conditions inside
the human gut [41]. These gasses are very beneficial for
the metabolic fermentation functions of the gut microbiota
[40]. H, is used by methanogens to produce methane, while
acetogens and sulfate reducing organisms produce H,S [40].
This could preserve the levels of dissolved gas in the culture
medium. Some dissolved metabolites are important factors
for bacteria cross-feeding [41] and the control of pathogens
[37], and thus, are presumably essential for the maintenance
of an in vitro microbiome. The bacterial cross-feeding is also
said to have a major impact on SCFA production and the
efficient exploitation of substrates that enter the human gut
[41,42]. Other factors may include differences in the surface
area to volume ratio and agitation mechanics from cultures in
differently shaped vessels. This model will be used for testing
the effects of pro-fibrotic agents against different individual's
gut microbiomes [43].

Accumulation of bacterial metabolites could be a factor
that gradually alters microbiome functionality. For example,
adding a bacterial metabolite, namely a secondary bile salt,
induced a shift in the microbiota. These bacterial metabolites
also have an impact on the pathogenesis of GI diseases
like inflammatory bowel disease (IBD) [44]. Petra Louis
shows that the Ruminococcus bromii (part of the Firmicutes
phylum) population increased in diets rich in resistant starch
(dietary starch that is not digested in the small intestine
and reaches the colon) and Lachnospiraceae increased in a
wheat bran-enriched diet [45]. Therefore, future work will
explore whether the formation of secondary and tertiary gut
bacterial metabolites during culturing affects the microbiome
composition, the functionality of the microbiome, and any
additional substances produced by the microbiome. To be
specific, it will be important to assess whether the beneficial
or harmful bacteria tend to change in amount depending on
the effect of the metabolite. Further in-depth investigations
on in vitro culturing and drug responses could combine
meta proteomics with other omics technologies such as
metagenomics and metabolomics to gain deeper insights of
the microbiome composition and function. These studies
could further help discover the linkages between human
health and the microbiome as well as insight on specific
diseases correlated with the gut microbiome.
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Conclusions

In conclusion, we established the ability of this in vitro
model to maintain microbial taxon-function stability and tested
the utility of this model for demonstrate the effects of pro-
fibrotic agents on the gut microbiome. We will optimize the
medium and culture model in terms of time and concentration
of pro-fibrotic agent treatment for scalable microbiome
culturing in the future. We found that Revivify Oral Liquid
Gel supports a beneficial population of gut microbes that can
have positive influences in many age-related dysfunctions
associated with metabolic, neurological, cardiovascular, and
immunity. This study will provide an effective experimental
platform for future drug-microbiome interaction studies.
Furthermore, this study will impact the understanding of how
drugs are absorbed, how the drugs affect the microbiome, and
how this interaction overall affects human health.
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