Final Progress Report for Research Projects Funded by
Health Research Grants

Instructions: Please complete all of the items as instructed. Do not delete instructions. Do not
leave any items blank; responses must be provided for all items. If your response to an item is
“None”, please specify “None” as your response. “Not applicable” is not an acceptable response
for any of the items. There is no limit to the length of your response to any question. Responses
should be single-spaced, no smaller than 12-point type. The report must be completed using
MS Word. Submitted reports must be Word documents; they should not be converted to pdf
format. Questions? Contact Health Research Program staff at 717-231-2825.

1. Grantee Institution: The Pennsylvania State University

2. Reporting Period (start and end date of grant award period): 1/1/2011 - 12/31/2014

3. Grant Contact Person (First Name, M.1., Last Name, Degrees): John Anthony, MPA

4. Grant Contact Person’s Telephone Number: 814 935 1081

5. Grant SAP Number: 4100054865

6. Project Number and Title of Research Project: 6. Gut Microbial Metabolism and
Receptor-Mediated Regulation of the Host Environment

7. Start and End Date of Research Project: 7/1/2011 — 12/31/2014

8. Name of Principal Investigator for the Research Project: Andrew Patterson, PhD

9. Research Project Expenses.
9(A) Please provide the total amount of health research grant funds spent on this project for
the entire duration of the grant, including indirect costs and any interest earned that was

spent:

$ 909,645

9(B) Provide the last names (include first initial if multiple individuals with the same last
name are listed) of all persons who worked on this research project and were supported with
health research funds. Include position titles (Principal Investigator, Graduate Assistant,
Post-doctoral Fellow, etc.), percent of effort on project and total health research funds
expended for the position. For multiple year projects, if percent of effort varied from year to
year, report in the % of Effort column the effort by year 1, 2, 3, etc. of the project (x% Yr 1;
2% Yr 2-3).

Last Name, First Name | Position Title % of Effort on Project | Cost
None




9(C) Provide the names of all persons who worked on this research project, but who were not
supported with health research funds. Include position titles (Research Assistant,
Administrative Assistant, etc.) and percent of effort on project. For multiple year projects, if
percent of effort varied from year to year, report in the % of Effort column the effort by year
1, 2, 3, etc. of the project (x% Yr 1; 2% Yr 2-3).

Last Name, First Name Position Title % of Effort on Project
Patterson, Andrew D. Assistant Professor 20
Smith, Philip B. Metabolomics Facility Director 50

9(D) Provide a list of all scientific equipment purchased as part of this research grant, a short
description of the value (benefit) derived by the institution from this equipment, and the cost
of the equipment.

Type of Scientific Equipment | Value Derived Cost
Acquity H-Class UPLC The QTOFMS platform is used for accurate | $760,381.68
coupled with a Waters Synapt | mass determinations as well as to serve as a

G2S QTOFMS global metabolite profiling (i.e.,

metabolomics) platform. This platform is
used across the University by investigators
from multiple colleges to generate data for
publications and grant applications.

Acquity H-Class UPLC The Xevo TQS platform is used for targeted | ***purchase
coupled with a Waters Xevo | metabolite profiling and quantitation. This was bundled
TQS platform is used across the University by with the
investigators from multiple colleges to above G2S
generate data for publications and grant
applications.
Agilent 5975C GC/MSD The GC/MSD platform is used primarily for | $104,083.92

short chain fatty acid analysis as well as for
the analysis of fatty acid methyl esters. The
platform is also used for measurement of
metabolites that are amenable to separations
by gas chromatography. This platform is
used across the University by investigators
from multiple colleges to generate data for
publications and grant applications.

10. Co-funding of Research Project during Health Research Grant Award Period. Did this
research project receive funding from any other source during the project period when it was
supported by the health research grant?

Yes No X

If yes, please indicate the source and amount of other funds:
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11.

Leveraging of Additional Funds

11(A) As a result of the health research funds provided for this research project, were you
able to apply for and/or obtain funding from other sources to continue or expand the
research?

Yes X No

If yes, please list the applications submitted (column A), the funding agency (National
Institutes of Health—NIH, or other source in column B), the month and year when the
application was submitted (column C), and the amount of funds requested (column D). If
you have received a notice that the grant will be funded, please indicate the amount of funds
to be awarded (column E). If the grant was not funded, insert “not funded” in column E.

Do not include funding from your own institution or from CURE (tobacco settlement funds).
Do not include grants submitted prior to the start date of the grant as shown in Question 2. If

you list grants submitted within 1-6 months of the start date of this grant, add a statement
below the table indicating how the data/results from this project were used to secure that

grant.
A. Title of research B. Funding C.Month | D. Amount | E. Amount
project on grant agency (check and Year of funds of funds
application those that apply) Submitted | requested: awarded:
Optimized Metabolite XINIH 1/31/2012 | $2,526,021 | $2,607,548
Extraction, Separation, and | [ Other federal
Identification for (specify: )
Metabolomics 1 Nonfederal

source (specify: )
FXR and the Gut XINIH 6/4/2014 $3,187,460 | Not funded
Microbiome as Modulators | [ Other federal
of Obesity (Specify: )

[0 Nonfederal

source (specify: )
Interdisciplinary graduate | I NIH 4/1/2014 $238,000 $238,000
training in food, nutrition, | XIOther federal
intestinal health and (specify:USDA)
wellness [ Nonfederal

source (specify: )
Environmental Ah XINIH 11/5/2014 | $2,161,647 | Not funded
Receptor Ligand Impact on | [J Other federal
the Host-Microbiome (specify: )
Metabolic Axis L1 Nonfederal

source (specify: )

11(B) Are you planning to apply for additional funding in the future to continue or expand

the research?




12.

13.

Yes X No

If yes, please describe your plans:

The two grants submitted to NIH that were not funded (Environmental Ah Receptor Ligand
Impact on the Host-Microbiome Metabolic Axis, FXR and the Gut Microbiome as
Modulators of Obesity) are currently being revised and resubmitted. We acquired substantial
preliminary data that will be key to the eventual success of these applications.

Future of Research Project. What are the future plans for this research project?

We will continue to explore the interaction between the host and the gut microbiota by
specifically focusing on the Ah receptor and farnesoid x receptor pathways. We are
developing models of bacterial metabolism that incorporate the metabolomics data with the
extensive genomic (metagenomics), transcriptomic (metatranscriptome), and 16S rRNA gene
sequencing data we have collected from the bacterial populations. We are now collaborating
with groups in the Chemical Engineering department to develop these models that will then
allow us to make predictions about how manipulation or remodeling of the gut microbiome
may impact the host metabolic profile and overall physiology.

We have established a graduate training program that incorporates cutting-edge technologies
including metabolomics and tools to study the microbiome. We have plans to expand on
these training opportunities since there is high demand and interest amongst graduate
students and faculty.

New Investigator Training and Development. Did students participate in project
supported internships or graduate or post-graduate training for at least one semester or one
summer?

Yes X No

If yes, how many students? Please specify in the tables below:

Students and post-doctoral fellows listed in the tables below were not supported financially
directly by funds provided from this grant. However, they are listed here since they learned
to use the new equipment purchased with grant funds. The instrumentation used to support
research in this grant program is also available to users across the University and these
trainees have therefore benefitted tremendously from it.

Undergraduate Masters Pre-doc Post-doc
Male 4 4 12 16
Female 9 15 12 14
Unknown
Total 13 19 24 30




Undergraduate Masters Pre-doc Post-doc
Hispanic 1 1 2 1
Non-Hispanic 12 18 22 26
Unknown 3
Total 13 19 24 30

Undergraduate Masters Pre-doc Post-doc
White 12 12 11 8
Black 2 1 1
Asian 5 10 20
Other 1 2 1
Unknown
Total 13 19 24 30
14. Recruitment of Out-of-State Researchers. Did you bring researchers into Pennsylvania to

15.

carry out this research project?

Yes No X

If yes, please list the name and degree of each researcher and his/her previous affiliation:
Impact on Research Capacity and Quality. Did the health research project enhance the
quality and/or capacity of research at your institution?

Yes X No

If yes, describe how improvements in infrastructure, the addition of new investigators, and
other resources have led to more and better research.

The addition of metabolomics to the Pennsylvania State University research community has
benefited the students (undergraduate and graduate students), post-doctoral fellows, visiting
scholars, staff, and faculty. The facility has helped to foster collaborations across various
colleges and disciplines (e.g., food science, nutrition, physiology, and has helped provide
investigators with a new way (i.e., a metabolite perspective) to study their model systems.
Further, the facility has provided extensive training that includes use of the instruments as
well as training on experimental design, data analysis, and interpretation. Overall the facility
is a perfect complement to the other facilities providing analysis of the genome,
transcriptome, and proteome.

Since its inception the Metabolomics Facility (supported in part by instrumentation
purchased through this grant program) has become actively involved in more than >70
projects across multiple colleges including the College of Agricultural Sciences, Eberly
College of Science, College of the Liberal Arts, College of Health and Human Development,
and Hershey Medical Center—and has been instrumental in receiving research funding from
the National Institutes of Health (NIH), National Science Foundation (NSF), the United
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16.

States Department of Agriculture (USDA) and the Bill and Melinda Gates Foundation.
Faculty interest and participation in the facility have grown, and the facility has been
included in more than 25 grants submitted to NIH, NSF, USDA, and the Bill and Melinda
Gates Foundation. Furthermore, under the leadership of Drs. Andrew Patterson and Philip
Smith, the facility has enabled researchers and collaborators at the Pennsylvania State to
publish outstanding papers in journals such as Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease, Environmental Health Perspectives, Nature Communications,
Hepatology, BMC Bioinformatics, BMC Evolutionary Biology, Journal of Nutrition, Journal
of Immunology, Journal of Bacteriology, Molecular Plant Pathology, Forensic Science
International, Journal of Biological Chemistry, PLoS One, and Toxicological Sciences.

It is also important to mention that the research plan of this proposal to investigate host-
microbial interactions has been well received and many investigators have adopted the
approaches described below. These include analysis of short chain fatty acids by GC-MS and
1H NMR, bile acid metabolism by triplequadrupole mass spectrometry, and analysis of
bacterial co-metabolites by quadrupole time-of-flight mass spectrometry. In order to
investigate the impact of the gut microbiota on overall host metabolism, the Pennsylvania
State University has established a germ free mouse facility (not funded by this proposal) and
this facility has been instrumental in deciphering the contribution of the gut microbiota to the
metabolic profile of the host.

Collaboration, business and community involvement.

16(A) Did the health research funds lead to collaboration with research partners outside of
your institution (e.g., entire university, entire hospital system)?

Yes X No
If yes, please describe the collaborations:

We have collaborated extensively with the Laboratory of Metabolism at the National
Cancer Institute. This collaboration has yielded several publications (3 listed below-in
Question 20- in Nature Communications, Journal of Clinical Investigation, and
Environmental Health Perspectives) as well as one submitted to Science Translational
Medicine. Further, we have developed a new antagonist of the farnesoid X receptor (a
patent application has been submitted) for the treatment of obesity and associated
complications. This new drug is currently being tested in obese non-human primates as
an obesity therapy as well as for obesity-related complications such as non-alcoholic fatty
liver disease (a major and rapidly growing problem in the United States).

16(B) Did the research project result in commercial development of any research products?

Yes No X



17.

If yes, please describe commercial development activities that resulted from the research
project:

16(C) Did the research lead to new involvement with the community?
Yes No X

If yes, please describe involvement with community groups that resulted from the
research project:

Progress in Achieving Research Goals, Objectives and Aims.

List the project goals, objectives and specific aims (as contained in the grant agreement).
Summarize the progress made in achieving these goals, objectives and aims for the period
that the project was funded (i.e., from project start date through end date). Indicate whether
or not each goal/objective/aim was achieved; if something was not achieved, note the reasons
why. Describe the methods used. If changes were made to the research
goals/objectives/aims, methods, design or timeline since the original grant application was
submitted, please describe the changes. Provide detailed results of the project. Include
evidence of the data that was generated and analyzed, and provide tables, graphs, and figures
of the data. List published abstracts, poster presentations and scientific meeting presentations
at the end of the summary of progress; peer-reviewed publications should be listed under
item 20.

This response should be a DETAILED report of the methods and findings. It is not sufficient
to state that the work was completed. Insufficient information may result in an unfavorable
performance review, which may jeopardize future funding. If research findings are pending
publication you must still include enough detail for the expert peer reviewers to evaluate the
progress during the course of the project.

Health research grants funded under the Tobacco Settlement Act will be evaluated via a
performance review by an expert panel of researchers and clinicians who will assess project
work using this Final Progress Report, all project Annual Reports and the project’s strategic
plan. After the final performance review of each project is complete, approximately 12-16
months after the end of the grant, this Final Progress Report, as well as the Final Performance
Review Report containing the comments of the expert review panel, and the grantee’s written
response to the Final Performance Review Report, will be posted on the CURE Web site.

There is no limit to the length of your response. Responses must be single-spaced below,
no smaller than 12-point type. If you cut and paste text from a publication, be sure
symbols print properly, e.g., the Greek symbol for alpha (o) and beta (13) should not
print as boxes () and include the appropriate citation(s). DO NOT DELETE THESE
INSTRUCTIONS.



Broad objective: Metabolomics has generated overwhelming amounts of evidence that the gut
microbiota contribute significantly to the host’s metabolic phenotype. The studies described
herein would generate a detailed view of the host-gut microbiota interaction (through the aryl
hydrocarbon receptor [AHR]) and lay groundwork for future studies.

Our research program, made possible in part through funding provided by this grant program, is
dedicated to addressing how the gut microbiota signal and interact with the host and whether
disturbance of this communication network leads to metabolic disorders including obesity and/or
how the gut microbiota influence toxicity. Over the last three years, we have made fundamental
discoveries in this space and continue to push the obesity and toxicologic research envelope
through the use of cutting-edge technologies such as metabolomics, metagenomics, and through
development of unique chemical modulators of these signaling pathways. Our focus is largely on
the role of two receptors, the AHR and the farnesoid X receptor (FXR), as they have been
demonstrated to be integral components of the host/gut microbiota signaling network.

There is considerable interest in understanding how our diet influences human health and disease
especially through modulation of the gut microbiota. We have developed a unique approach that
addresses not only how these processes are important for disorders such as metabolic syndrome,
obesity, and associated complications such as non-alcoholic fatty liver disease, but also how
specific dietary chemical contaminants including persistent organic pollutants influence
intestinal health.

AHR, intestinal health, and obesity The AHR is a ligand-activated basic-helix-loop-helix/Per-
ARNT-Sim transcription factor that is responsible for the toxicity of TCDD (commonly referred
to as dioxin). Upon agonist binding, the AHR bound to hsp90 translocates into the nucleus,
where ARNT displaces hsp90 and heterodimerizes with the AHR. The ligand-bound
AHR/ARNT complex is then able to bind to a dioxin-responsive element in the promoter of a
wide range of genes involved in drug metabolism, such as Cyplal. The scientific community
continues to actively investigate the physiological role of the AHR, in particular through
examination of the phenotype of the Ahr-/- mice. These mice exhibit multiple defects, including
immune system dysfunction, poor liver vasculature development, and reduced fecundity.

FXR, intestinal health, and obesity Our lab is also intensely focused on the role of FXR in
modulating metabolic syndrome, obesity, and non-alcoholic fatty liver disease. FXR is the major
bile acid sensor in the body and serves to mediate the dialog between the liver and small intestine
regarding bile acid levels, bile acid synthesis, and enterohepatic circulation. We and others
recently established intestinal FXR as a major regulator of diet-induced obesity particularly
through antagonism of the receptor with the conjugated bile acid tauro-p-muricholic acid
(TBMCA). We reported that tempol, a potent antioxidant, inhibited the FXR signaling pathway,
due to accumulation of intestinal TBMCA, an antagonist of FXR, resulting from reduced activity
of the Lactobacillus-associated bile salt hydroxylase enzyme. Intestinal-specific FXR-null
(Fxr®E) mice were resistant to obesity and insulin resistance. Fatty acid trafficking was
decreased and fatty acid p-oxidation was elevated in the ileum of Fxr*Z mice accompanied by
decreased serum sphingomyelin. Diet-induced obesity in Fxr”’- mice was not decreased by
tempol thus suggesting that the inhibition of FXR is essential for maximal tempol efficacy on
improvement of obesity. This study demonstrated a direct biochemical link between the gut
micobiome, nuclear receptor signaling, and metabolic disorders. We are currently testing new
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FXR antagonists in a trial of obese non-human primates. As such, liver and intestinal FXR have
been identified in human trials as a promising target for the prevention and/or amelioration of
many of these diseases.

The full extent of our findings can be found in the manuscripts listed below (Question 20) which
are now published or accepted. We provide below detailed examples of methods and results that
were developed at the Pennsylvania State University as part of the funded research. A summary
of the LC-MS, GC-MS, and NMR approaches are described in Table 1. All of these methods
have been developed in support of this project and are used extensively by faculty members
across the University.

Table 1 | Bile Acids SCFAs and BCAAs Additional Metabolites Produced or Modified by Bacteria

LCA Acetic Acid Cresol (p-, m-, 0)
UDCA Propionic Acid Glycine conjugates (cinnamoyl, hexanoyl, propionyl, phenylacetyl, phenylpropionyl, acetyl-)
CDCA Isobutyric Acid Sulfate conjugates (indoxyl, phenyl, cresol [p-, 0-, m-])
DCA Butyric Acid Acids (Chlorogenic, Benzoic, Kynurenic, Xanthurenic, Hippuric)
MCA (a, B, w) 2-methylbutyric Acid
CA Isovaleric Acid Dihydroxyquinoline and its glucuronide
TMCA (a, B, w) Valeric Acid Amino Acids (taurine, tryptophan, tyrosine, phenylalanine)
TCA 2-methylpentanoic Acid
TCDCA  3-methylpentanoic Acid Neutral loss scanning of sulfate (+80), glycine (+57) and taurine (+107) conjugates
TDCA Isohexanoic Acid
TUDCA Hexanoic Acid

TLCA 2-methylhexanoic Acid
GlyMCA 4-methylhexanoic Acid

GCDCA Hepatnoic Acid
GCA Valine
Leucine
Isoleucine

Method: UPLC-MS/MS GC-MS, *H-NMR UPLC-MS/MS, 'H-NMR

Small

intestine, liver, Small intestine, cecum,

Source: cecum, feces feces, serum Urine, serum

LCA, lithocholic acid; UDCA, ursodeoxycholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; MCA, muricholic acid; CA, cholic acid; TMCA,
tauromuricholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TUDCA, tauroursodeoxycholic acid;
TLCA, taurolithocholic acid; GlyMCA, glycomuricholic acid; GCDCA, glycochenodeoxycholic acid; GCA, glycochenodeoxycholic acid; GC-MS, gas
chromatography coupled with mass spectrometry; UPLC-MS/MS, ultraperformance liquid chromatography coupled with tandem mass spectrometry.; 1H-
NMR, nuclear magnetic resonance spectroscopy.

Specific Aim 1: Optimize anaerobic microbial culture and develop high throughput culture
systems, along with biofluid isolation, and metabolomics analyses.

Experimental approach: Microbes will be cultured with and without various dietary substrates

such as tryptophan. Advanced chromatography-mass spectrometry (LC-MS, GC-MS) coupled

with chemometrics and multivariate data analysis will be used to metabolically phenotype each
microbial strain.

Our approach evolved from bacterial culturing to study the gut microbiota in the host (in this
case mice) using the following techniques: 16S rRNA gene sequencing, metagenomics, and
metabolomics. We deviated from the initial experimental approach because we felt the impact
would be greater and the relevance more in line with the collaboration with the National Cancer
Institute. With NCI we have developed a better understanding of the host response by using
genetically-modified mice (e.qg., tissue specific knockouts, global knockouts). This progression
from gut bacterial population to metabolites has allowed us to focus on two specific pathways,
bacterial fermentation and bile acid metabolism, which are important for modulation of the host.
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We describe these results in two parts: first, we describe methods developed and results from
studying the role of the gut microbiota in modulating FXR; and, second, we described the
methods developed and results from studying the role of the gut microbiota in modulating the
AHR.

FXR and the Gut Microbiota — Methods and Results

16S rRNA Gene Sequencing We made the initial observation that mice treated with the
antioxidant tempol resulted in a significant and pronounced change in the gut microbiota (see
Fig. 1). The bacteria in feces and cecum content were extracted using PowerSoil DNA Isolation
Kit (Mo Bio laboratory, Inc., Carlsbad, CA). The PCR products (~1,000 bp) were purified using
the AgencourtAMPure technology (Beckman Coulter, Brea, CA) as described in 454 Technical
Bulletin number 2011-002, Short Fragment Removal Procedure. After purification, the products
were quantified by both Qubit (Lifetech, Carlsbad, CA) and gPCR, using the KAPA Biosystems
Library Quantification Kit (KapaBiosystems, Woburn, MA). Products were pooled based on
molar amounts, run on a 1% agarose gel and extracted. After clean-up with a QIAquick PCR
Purification Kit (Qiagen, Valencia, CA), quality and quantity were assessed using a DNA
7500LabChip on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and
Qubit quantification. The sequencing was performed using a quarter Picotiter Plate on a 454 Life
Sciences Genome Sequencer FLX+ (Roche Diagnostics). gqPCR was carried out using SYBR
green PCR master mix in an ABI Prism 7900HT sequence detection system (Applied
Biosystems). PCR conditions were 50 °C for 2 min; 95 °C for 10 min; 40 cycles of 95 °C for 15S;
and 60 °C for 1 min.

VEHICLE® TEMPOLE

Fig. 1. 16S rRNA gene sequencing analysis at the
phylum levels of cecum content after 5 days

of tempol treatment by gavage (250 mg kg '). n=3 per
vehicle group, n=4 per tempol group. The heat map
of 16S rRNA gene sequencing analysis of cecum
content after 5 days of tempol treatment by gavage
(250 mgkg ). The scale: green colors indicate high
values, whereas red colors indicate low values for the
percent of reads that were classified at that rank.

The experimental set-up consisted of 14 samples distributed as 6 vehicle replicates and 8 tempol
gavage replicates. We decided to compare multiple biological replicates (i.e., the study was
10



repeated twice) to ensure that the effect of tempol treatment was consistent across mouse
experiments. After quality filtering and deduplication, each sample contains on average 11,000
reads. The mothur software package was used to preprocess the sequencing data and the
Ribosomal Database Project multi-classifier to assign each sequence to a taxonomic rank.
Preprocessing consisted of filtering reads for an average quality of 20, removing duplicated
sequences and splitting into samples by barcodes, while allowing for one mismatch in the
barcode. A custom statistical tool using analysis of variance (ANOVA) with factorial treatment
design detects taxonomic ranks that show statistically significant changes between the samples.
To account for differences in total reads per sample, classifications were converted to percent of
total reads. This approach then permitted accurate comparisons within and between groups.

ANOVA analysis with factorial treatment design was introduced to detect bacteria that
significantly changed in numbers. The full model is called the fixed effects model.

Treatments tempol and vehicle
Study: study 1, study 2 (re-sequencing of study 1)
Hypothesis: bacteria are unchanged under different doses.

Full model:

Yij = u+Dose; + Stud),ij + Error; (1)

with i=1, 2, 3; j=1, 2; k=1, 2, 3, 4
Reduced model:

Yir = u+ Dose; + Errory (2)
with i=1, 2, 3; k=1, 2, 3, 4

The full model treats the two studies (study 1 and study 2) as a block to first see whether there is
a ‘study’ effect. If the ‘study’ effect is significant, the studies are kept separate in the problem as
a block effect. If not, it is removed and combined with data from two studies. Finally, the Sidak
correction was employed for P-value correction.

Bacterial Metabolism We established that tempol was significantly impacting the host through
antagonism of FXR but were interested in understanding the impact of tempol on the gut
microbiota and its metabolism. We developed two protocols to monitor bacterial fermentation
pathways by GC-MS and 1H NMR. The GC-MS method is based on extraction with NaOH and
derivatization using propyl chlorformate. Samples are run on the Agilent 5975C GC/MSD
purchased in support of this research proposal. As shown in Fig. 2, the GC-MS method was able
to detect a dose dependent decrease in short chain fatty acids (SCFAs) in cecal extracts obtained
from mice gavaged with tempol (50 mg/kg) for five days.
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Fig. 2. Short chain fatty acids were measure in cecal
extracts from gavaged with tempol (50 mg/kg) for 5
days. A dose dependent decrease was observed with
acetic acid, propionic acid, and butyric acid. Results
were analyzed by ANOVA with Bonferroni correction.
*p<0.05.

To further confirm the GC-MS data, we established another method utilizing 1H NMR as it
allows us to capture SCFASs and oligosaccharides that are the substrates used for bacterial
fermentation (Fig. 3).

Cecal content
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) 1l
Glucose Taurind Fxr" Tempol 0.8
N
e = oligosaccharide e
2 00 n flAdhid IS | IR T - et e o
= T, I :||' i 0 lo.a
Butyrate & = Butyrate
) Propionate Butyrate (§0-2
— — Fxr'™ Vehicle
o4 00 04 | RTTTIU | B I | Acetate | o
e CRN R R R A T R 4 35 3 25 2 5 1
B Rix=067, Q=053 T T ' R
T Phylﬁn{_ﬂe Fxr®E Tempol Alanine Laictate 0.8
rosin
0.5 Aeene Taurine Creatine N
| = Creatine s\ | 0-6
=] oy L | ‘
= 0.0 = T | .4
= - and — X
® =
0.5 |
I 0.2
o Fxr™E Vehicle
O S L : . Bile acily,
1P 9 85 8 75 7 65 [} 55 4 3.5 3 2.5 2 15 1

Fig. 3. 600 MHz 'H NMR-based metabolomics technique coupled with multivariate statistical
analysis was employed to evaluate the metabolic changes induced by tempol exposure. Tempol
exposure significantly reduced the levels of cecal short chain fatty acids (propionate and n-
butyrate) but significantly increased the levels of oligosaccharides and glucose in wild-type mice
(A) but not in intestinal knockout FXR mice (B). Comparative orthogonal projection to latent
structure with discriminant analysis (OPLS-DA) modeling of the NMR data from mouse cecal
contents revealed distinct separation between the two groups (left). The color-coded correlation
coefficient indicates the significance of the metabolite contribution to the class separation with a
“hot” color, such as red, is more substantial than that of a “cool” color, such as blue.
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As a result of these observations, in particular the 16S rRNA gene sequencing data showing a
pronounced decrease in Lactobacillus spp., we developed methods to profile bile acid
metabolites. In particular, we were interested in profiling taurine conjugated bile acids as they
are known to be deconjugated by Lactobacillus bile salt hydrolase activity and as described in
our Nature Communications paper, tauro g muricholic acid (TBMCA) is a potent antagonist of
FXR. We developed a sensitive and reproducible triplequadrupole mass spectrometry-based
assay to separate and quantitate the various isomers. It should be pointed out that TBMCA is the
FXR antagonist while the others (TaMCA, ToMCA) do not display antagonistic activity. As
seen in Fig. 4., we were able to clearly separate all isomers and tempol treatment results in a
significant increased in TBMCA (see inset).
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Fig. 4. We developed an Acquity UPLC-TQS- based protocol
for assessing changes in a wide variety of bile acids. A
significant enrichment of TBMCA was observed after tempol
treatment (inset).

AHR and the Gut Microbiota — Methods and Results

Through the innovative use of cutting-edge techniques (16S rRNA gene sequencing,
metagenomics and metabolomics) and unique mouse models (tissue specific knockouts of Ahr,
gnotobiotic mice), we are working to identify the functional changes imparted to the gut
microbiota following dietary exposure to potent AHR ligands such as TCDF. This combination
of approaches has permitted us to accurately assess bacterial phyla dynamics and its interaction
with and impact on the host, and how these changes result in increased susceptibility to high fat
diet-induced obesity. Currently, we are particularly interested in how the timing (nursing,
weaning, adulthood) of the exposure influences disease outcome and this has become a major
focus of our current work. This study has provided invaluable insight into the effects of exposure
of environmentally relevant persistent AHR ligands, such as TCDF and may provide valuable
endpoints for future studies examining mixtures such as Aroclor 1254.
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Fig. 5. Dietary exposure to TCDF (24 ug/kg) caused a pronounced
AHR-dependent shift in the gut microbiota. A. Differences in the gut
microbiota of mice treated with TCDF were confirmed by weighted
UniFrac distance analysis. B. 16S rRNA gene sequencing analysis of a
variety of significantly changed bacterial phyla. n=6 per vehicle group,
n=6 per TCDF group.

Recently published data strongly suggest the absence of the AHR impacts the gut microbiota.
Furthermore, it is well known that environmental AHR ligands like TCDD, 2,3,7,8-
tetrachlorodibenzofuran (TCDF), and co-planar PCBs can cause significant liver injury and
increase the risk for developing liver cancer. To determine whether and how TCDF impacts the
gut microbiota and host, we monitored the gut microbiota composition and metabolic profiles of
wild-type C57BL/6J and Ahr-/- mice after dietary TCDF exposure using a combination of 16S
rRNA gene sequencing, metabolomics, and traditional biochemistry techniques. Our data (now
accepted at Environmental Health Perspectives) strongly indicates activation of the AHR by
TCDF can alter the gut microbiota. In these studies, wild-type C57BL/6J or Ahr-/- mice were
treated for 5 days with 24 pg/kg of TCDF (via dough pills and based on allometric scaling
calculations is equivalent to 3 pug/kg dose in humans)—a dose chosen because it did not cause
pronounced hepatotoxicity (not shown). We observed a pronounced shift in the gut microbiota
(Fig. 5) as measured by 16S rRNA gene sequencing that was Ahr-dependent. Of particular
interest are our data demonstrating that TCDF treatment caused a pronounced change in bacterial
fermentation in the cecum (Fig. 6), as measured by *H NMR-based metabolomics, a highly
quantitative and reproducible approach. While less sensitive compared to mass spectrometry
approaches, the *H NMR-based metabolomics approach has the unique advantage of identifying
and measuring complex carbohydrates. Simply put, metabolites annotated in Fig. 6 are enriched
in the TCDF treated group (phenylalanine, tyrosine, propionate, butyrate) or enriched in the
vehicle treated group (raffinose/stachyose, glucose, oligosaccharaides, PC/PG) suggesting an
increase in bacterial fermentation following TCDF exposure. Short chain fatty acids, which are
end products of bacterial fermentation, account for up to 10% of caloric intake, and represent an
important energy source. Short chain fatty acids are known to stimulate de novo synthesis of
triglycerides in the liver and are known to be contributing factors to obesity. These findings
provide new insights into the biochemical consequences of TCDF exposure involving the
alteration of the gut microbiota, modulation of nuclear receptor signaling, and profound changes
in the host and gut microbiota metabolic axis.
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Fig. 6. 600 MHz 'H NMR-based metabolomics technique coupled with multivariate statistical
analysis was employed to evaluate the metabolic changes induced by TCDF exposure in wild-
type (top) and Ahr-/- (bottom) mice. In wild-type mice (AHR+/+, top), TCDF exposure
significantly elevated the levels of cecal short chain fatty acids (propionate and n-butyrate) but
significantly decreased the levels of oligosaccharides and glucose. Comparative orthogonal
projection to latent structure with discriminant analysis (OPLS-DA) modeling of the NMR data
from mouse cecal contents revealed distinct separation between the vehicle and TCDF-treated
wild-type mice. No difference was observed with Ahr-/- mice (bottom). The color-coded
correlation coefficient indicates the significance of the metabolite contribution to the class
separation with a “hot” color, such as red, is more substantial than that of a “cool” color, such as
blue.

Specific Aim 2: Generate and identify probable associations between metabolites and gut
microbiota changes, utilizing dextran sodium sulfate (DSS) and C. rodentium to modulate the gut
microbiota.

Experimental approach: Urine metabolomics of control wild-type, control AHR-null, DSS-
treated (or C. rodentium) wild-type, and DSS-treated (or C. rodentium) AHR-null mice will be
conducted to assess any changes in the urinary metabolome that are indicative of changes in the
gut microbiota. The cecal contents will be typed for microbes and the inflammation assessed.

During our initial investigations, we found that either tempol or the environmental contaminant,
TCDF, produced marked changes in the gut microbiome. We have shifted our focus to these gut
microbiome disruptors since we can focus on the host receptors thus better defining their
mechanism of action (tempol signals through FXR, TCDF is a potent ligand for AHR).

Our work with tempol identified TBMCA as a potent FXR antagonist (see Nature

Communications paper) and have developed the following mechanism show in Fig. 7. Based on
these observations we developed additional compounds including GBMCA that is a potent FXR
antagonist and resists the activity of Lactobacillus bile salt hydrolase activity (Fig. 8). GBMCA
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is the central antagonist described in our patent application (see Question 23 below) that is now
being tested in non-human primates.

HFD HFD + tempol or antibiotics

GSrespi)

Ceramlde

Ceramldel— g

T-8-MCA

Fig. 7. TBMCA produced in the liver from the oxidation of cholesterol was secreted into the
intestine. Bile salt hydrolase, a bacterial enzyme that hydrolyzes TBPMCA to MCA, is
substantially reduced after tempol or antibiotic treatment. TBMCA thereby accumulates in the
ileum, which inhibits FXR signaling.
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Fig. 8. Luciferase activity observed in
HEK293T fibroblasts transiently co-
transfected with a chimeric receptor
construct as a function of concentration
of the added FXR agonist GW4064 in
the presence and absence of GBMCA.

Our now published data (see Environmental Health Perspectives manuscript) clearly establishes
that the environmental contaminant TCDF changes both the makeup and metabolic activity of
the gut microbiota (Fig. 5 and 6), that these effects are AHR-dependent, and we have recently
found that sustained exposure to TCDF exacerbates high fat diet-induced obesity (Fig. 9).
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Similar to what has been observed with antibiotics, we are interested in understanding if
contaminants such as TCDF may promote obesity through modulation of the gut microbiota and
to assess when exposure (nursing pups, weanlings, and adult mice) most impacts this
susceptibility. Further we will clarify the AHR-gut microbiota axis using tissue specific
disruption of Ahr and fecal transfers using germ free recipient mice.

£

Q

E" - Vehicle

o -= HFD

b —+ Low TCDF

=) -+ Low TCDF +HFD
'g -~ High TCDF

5 High TCDF +HFD
s

E 4

o 12345678 9101112

Q

o

Week

Fig. 9. Male C57BL/6J mice (4 weeks of age)
were placed on control or high fat diet (60%
kcal fat from fat) with and without TCDF (2
pa/kg [low] or 24 pg/kg [high]). *p<0.05,
**p<0.01, ***p<0.001.

We have also made an important observation using germ free mice and comparing their response
to TCDF exposure with conventional mice. In the results shown in Fig. 10, liver extracts from
germ free and conventional mice exhibit substantially difference metabolic profiles. Quite
interestingly, the gut microbiota appear to be important for the lipid accumulation that is often
observed with TCDF exposure.
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Fig. 10. The gut microbiota impacts the hepatic response to TCDF.
O-PLS-DA scores (left) and coefficient-coded loading plots (right) for
the models obtained from the NMR data of liver extracts from CN (A)
and GF (B) mice with and without TCDF. The models were cross-
validated by CV-ANOVA with respective p = 1.36x10™* and 2.58x1073,

Lastly, we have also observed that the gut microbiota are important for mediating the
inflammatory response to TCDF exposure (we are currently also evaluating these effects in
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tempol treated mice). Interestingly, as seen in Fig. 11, the gut microbiota are important for
protecting against the inflammatory response elicited by TCDF exposure.

Serum cytokines
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Fig. 11. Serum cytokine profiling was performed at Eve Technologies (Alberta, Canada).
Quantitative ELISA assessments of serum proinflammatory cytokines including IL-1p, IL-6, IL-
9, IL-12, IL-13, IFN-y, TNF-a, MCP-1, G-CSF, CXCL1, IP-10 and Eotaxin of CN- and GF-mice
with and without TCDF. Data are presented as mean = s. d, n = 5 per group; *p < 0.05, **p <
0.01, ***p < 0.001, two-tailed Student’s t-test.

In summary, for the AHR and the gut microbiota, we have proposed the following model as
shown in Fig. 12. AHR activation by TCDF consistently and dramatically influences the gut
bacteria population and this elicits a variety of metabolic, transcriptional, and inflammatory
responses.

Fig. 12. Summary of the impact of AHR
activation on the gut microbiome and host
metabolism.
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Specific Aim 3: Develop analytical and data analysis pipelines that provide a metabolomics
platform for the biomedical research community at Penn State University.

Experimental approach: Build a robust pipeline for sample preparation, data generation, and data
analysis built around three robust analytical platforms that together allow for the comprehensive
analysis of the metabolome of simple and higher organisms. A combination of GC-MS and LC-
MS methodologies will be developed that allow for automated data reduction and compound
annotation.

Our pipeline for sample preparation and data generation is clearly defined and has been
successfully achieved. We carefully evaluate various aspects of bacterial metabolism (Table 1)
using combinations of LC-MS, GC-MS, and 1H NMR. We have developed extraction protocols
for bile acids, SCFAs, and other bacterial co-metabolites and utilize multiple orthogonal
platforms to confirm observations (see Fig. 2 and 3). For example, we analyze SCFAs by GC-
MS and 1H NMR since generate complementary data and permit analysis of the oligosaccharide
pools (via 1H NMR). Overall we have built a very robust analytical platform for assessing
bacterial metabolism and our computational approaches are evolving as we develop more data.
For example, as mentioned above, we are now exploring how to model these data such that we
can predict how manipulation of a particular bacteria (e.g., Lactobacillus spp.) may impact
metabolism.

Part of these efforts hinges on the development of metagenomics analysis (we have been
working on metatranscriptome analysis but that has proven more challenging) which allows us to
determine the gene content in a bacterial population and gives us an idea of the metabolic
potential of the population. Cecal contents were collected from mice exposed to TCDF and the
bacterial DNA extracted using an E.Z.N.A stool DNA kit (OMEGA, Bio-Tek). Genomic DNA
was submitted to the Pennsylvania State University Genomics core for whole genome shotgun
sequencing using the lllumina HiSeq platform. cDNA library was prepared using a PCR-free
DNA kit, followed with 150 nt, paired end read in rapid run. Preliminary results (selected
summarized in Table 2) were screened for sequence quality and analyzed using MEGAN
(MEtaGenome ANalyzer) and mapped to the KEGG database.

Table 2.

#Datasets Control (average) TCDF (average) TCDF/Control pvalue

PPAR signaling pathway 0.235272 0.263997 1.122092  0.000124
Phenylalanine metabolism 0.431623 0.453034 1.049607  0.000399
Novobiocin biosynthesis 0.225412 0.235825 1.046196 0.031835
Base excision repair 0.867351 0.840433 0.968966  0.04479
Biosynthesis of unsaturated fatty acids 0.098451 0.10726 1.089474  0.042024
Primary immunodeficiency 0.100991 0.087532 0.866735  0.049942
Glyoxylate and dicarboxylate metabolism 1.475421 1.576463 1.068484  0.052709
Staphylococcus aureus infection 0.0455 0.023291 0.511895 0.047538
Carbon fixation in photosynthetic organisms 1.674691 1.756968 1.04913  0.062585
Riboflavin metabolism 0.204341 0.22811 1.116323  0.055573
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18. Extent of Clinical Activities Initiated and Completed. Items 18(A) and 18(B) should be
completed for all research projects. If the project was restricted to secondary analysis of
clinical data or data analysis of clinical research, then responses to 18(A) and 18(B) should
be “No.”

18(A) Did you initiate a study that involved the testing of treatment, prevention or
diagnostic procedures on human subjects?
Yes
X _No

18(B) Did you complete a study that involved the testing of treatment, prevention or
diagnostic procedures on human subjects?
Yes
X_No

If “Yes” to either 18(A) or 18(B), items 18(C) — (F) must also be completed. (Do NOT
complete 18(C-F) if 18(A) and 18(B) are both “No.”)

18(C) How many hospital and health care professionals were involved in the research
project?
Number of hospital and health care professionals involved in the research
project

18(D) How many subjects were included in the study compared to targeted goals?

Number of subjects originally targeted to be included in the study
Number of subjects enrolled in the study

Note: Studies that fall dramatically short on recruitment are encouraged to
provide the details of their recruitment efforts in Item 17, Progress in Achieving
Research Goals, Objectives and Aims. For example, the number of eligible
subjects approached, the number that refused to participate and the reasons for
refusal. Without this information it is difficult to discern whether eligibility
criteria were too restrictive or the study simply did not appeal to subjects.

18(E) How many subjects were enrolled in the study by gender, ethnicity and race?

Gender:
Males

Females

Unknown

Ethnicity:

Latinos or Hispanics
Not Latinos or Hispanics
Unknown
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Race:
American Indian or Alaska Native
Asian
Blacks or African American
Native Hawaiian or Other Pacific Islander
White
Other, specify:
Unknown

18(F) Where was the research study conducted? (List the county where the research
study was conducted. If the treatment, prevention and diagnostic tests were offered in
more than one county, list all of the counties where the research study was
conducted.)

19. Human Embryonic Stem Cell Research. Item 19(A) should be completed for all research
projects. If the research project involved human embryonic stem cells, items 19(B) and
19(C) must also be completed.

19(A) Did this project involve, in any capacity, human embryonic stem cells?
Yes
X___No

19(B) Were these stem cell lines NIH-approved lines that were derived outside of
Pennsylvania?

Yes

No

19(C) Please describe how this project involved human embryonic stem cells:

20. Articles Submitted to Peer-Reviewed Publications.

20(A) Identify all publications that resulted from the research performed during the funding
period and that have been submitted to peer-reviewed publications. Do not list journal
abstracts or presentations at professional meetings; abstract and meeting presentations should
be listed at the end of item 17. Include only those publications that acknowledge the
Pennsylvania Department of Health as a funding source (as required in the grant
agreement). List the title of the journal article, the authors, the name of the peer-reviewed
publication, the month and year when it was submitted, and the status of publication
(submitted for publication, accepted for publication or published.). Submit an electronic
copy of each publication or paper submitted for publication, listed in the table, in a PDF
version 5.0.5 (or greater) format, 1,200 dpi. Filenames for each publication should include
the number of the research project, the last name of the P, and an abbreviated title of the
publication. For example, if you submit two publications for Smith (PI for Project 01), one
publication for Zhang (PI for Project 03), and one publication for Bates (PI for Project 04),
the filenames would be:
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Project 01 — Smith — Three cases of isolated

Project 01 — Smith — Investigation of NEB1 deletions
Project 03 — Zhang — Molecular profiling of aromatase

Project 04 — Bates — Neonatal intensive care

If the publication is not available electronically, provide 5 paper copies of the publication.

Note: The grant agreement requires that recipients acknowledge the Pennsylvania

Department of Health funding in all publications. Please ensure that all publications listed
acknowledge the Department of Health funding. If a publication does not acknowledge the
funding from the Commonwealth, do not list the publication.

Title of Journal Authors: Name of Month and | Publication
Avrticle: Peer- Year Status (check
reviewed Submitted: | appropriate
Publication: box below):

1. Microbiome Li F, Jiang C, Krausz Nature May 2013 | COSubmitted
remodelling leads to KW, Li Y, Albert I, Hao | Communica LlAccepted
inhibition of intestinal | H, Fabre KM, Mitchell tions XIPublished
farnesoid X receptor JB, Patterson AD,
signalling and Gonzalez FJ.
decreased obesity.
2. Intestinal farnesoid | Jiang C, Xie C, Li F, Journal of April 2014 | OOSubmitted
X receptor signaling Zhang L, Nichols RG, Clinical LlAccepted
promotes nonalcoholic | Krausz KW, Cai J, Qi Y, | Investigation XIPublished
fatty liver disease. Fang ZZ, Takahashi S,

Tanaka N, Desai D,

Amin SG, Albert

I, Patterson AD,

Gonzalez FJ
3. Persistent Organic Zhang L, Nichols RG, Environment | August CISubmitted
Pollutants Modify Gut | Correll J, Murray 1A, al Health 2014 XIAccepted
Microbiota-Host Tanaka N, Smith P, Perspectives CIPublished
Metabolic Hubbard TD, Sebastian
Homeostasis in Mice | A, Albert I, Hatzakis E,
Through Aryl Gonzalez FJ, Perdew
Hydrocarbon Receptor | GH, Patterson AD
Activation
4. An intestine- Jiang C, Xie C, LiJ, Lu | Science February XISubmitted
specific farnesoid X Y, Krausz KW, Shi J, Translational | 2015 LJAccepted
receptor antagonist Desai D, Amin SG, Medicine LIPublished

improves obesity-
related metabolic
dysfunction

Bisson W, Liu Y, Wang
X, Gavrilova

O, Patterson AD,
Gonzalez FJ
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21.

22.

20(B) Based on this project, are you planning to submit articles to peer-reviewed publications
in the future?

Yes X No

If yes, please describe your plans:

We have plans for several manuscripts based on this work. We will continue to expand on
the impact of agents such as tempol or the bile acid derivative glycine beta muricholic acid
on the prevention or amelioration of obesity and non-alcoholic fatty liver disease. We plan to
publish results from studies examining the impact of the gut microbiota on toxicants
including dioxins/furans.

Changes in Outcome, Impact and Effectiveness Attributable to the Research Project.
Describe the outcome, impact, and effectiveness of the research project by summarizing its
impact on the incidence of disease, death from disease, stage of disease at time of diagnosis,
or other relevant measures of outcome, impact or effectiveness of the research project. If
there were no changes, insert “None”; do not use “Not applicable.” Responses must be
single-spaced below, and no smaller than 12-point type. DO NOT DELETE THESE
INSTRUCTIONS. There is no limit to the length of your response.

The impact and innovation of the work can be summarized as follows:
FXR and Obesity Study

e This study provided unprecedented insight into the effects of genetic and chemical
antagonism of FXR and its impact on the gut microbiome and associated metabolic
diseases including obesity and non-alcoholic fatty liver disease.

e This study identified new areas for pharmacologic treatment of obesity and helped
solidify our understanding of the mechanisms by which the host and gut microbiome
interact.

e This study informed human drug design and future targets based on chemical antagonism
of FXR which has not yet been considered.

AHR and TCDF Study

e This study provided unprecedented insight into the effects of exposure on multiple
environmentally relevant persistent AHR ligands, such as TCDD and PCBs.

e This study uncovered a possible link between AHR, the gut microbiota, and obesity.

e This study identified new areas for toxicity research and helped solidify our
understanding of the mechanisms by which the host and gut microbiota interact.

e This study helped to establish the idea that TCDF may cause imprinting on the gut
microbiota and/or whether only chronic exposure leads to a functional change.

Major Discoveries, New Drugs, and New Approaches for Prevention Diagnosis and
Treatment. Describe major discoveries, new drugs, and new approaches for prevention,
diagnosis and treatment that are attributable to the completed research project. If there were
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no major discoveries, drugs or approaches, insert “None”; do not use “Not applicable.”
Responses must be single-spaced below, and no smaller than 12-point type. DO NOT
DELETE THESE INSTRUCTIONS. There is no limit to the length of your response.

In addition to the discoveries described in the attached manuscripts, the major discovery
identified under this research is the new, highly selective antagonist of FXR, glycine beta
muricholic acid. We, in collaboration with investigators at the National Cancer Institute, have
filed for a patent based on using this compound and derivatives to treat obesity and obesity-
related disorders. The current compound is being tested in non-human primates in
collaboration with the Oregon National Primate Research Center.

23. Inventions, Patents and Commercial Development Opportunities.

23(A) Were any inventions, which may be patentable or otherwise protectable under Title 35
of the United States Code, conceived or first actually reduced to practice in the performance
of work under this health research grant? Yes_ X No

If “Yes” to 23(A), complete items a — g below for each invention. (Do NOT complete items
a-gif23(A)is “No.”)

a. Title of Invention: Inhibitors of the Farnesoid X Receptor and Uses in Medicine

b. Name of Inventor(s): Frank J. Gonzalez, Changtao Jiang, Andrew D. Patterson,
Shantu Amin, Dhimant Desai

c. Technical Description of Invention (describe nature, purpose, operation and physical,
chemical, biological or electrical characteristics of the invention):

***Taken from the patent application***

The present invention provides inhibitors of the nuclear receptor farnesoid X receptor for treating
or preventing obesity in mammals, particularly humans. Compounds embodying aspects of the
invention inhibit the farnesoid X receptor and affect high fat diet-induced obesity through signal
transduction mediated by the farnesoid X receptor. In accordance with the invention, the present
invention provides compositions comprising these compounds and methods of using these
compounds as therapeutic agents in the treatment or prevention of obesity.

The invention also provides a pharmaceutical composition comprising a compound or salt
embodying the principles of the invention and a pharmaceutically acceptable carrier.

The invention further provides a method of inhibiting a farnesoid X receptor in a mammal,
comprising administering to a mammal in need thereof a compound embodying the principles of
the invention or a pharmaceutically acceptable salt thereof.

The invention additionally provides a method for treating or preventing obesity in a mammal,
comprising administering to a mammal in need thereof a compound embodying the principles of
the invention or a pharmaceutically acceptable salt thereof.
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The invention also provides a method for treating or preventing obesity, insulin resistance and
NAFLD in a mammal in need thereof, comprising administering to the mammal a compound
embodying the principles of the invention or a pharmaceutically acceptable salt thereof.
Desirably, the compounds inhibit the farnesoid X receptor in the intestine and affects obesity,
insulin resistance and NAFLD through signal transduction mediated only by the intestinal
farnesoid X receptor and not by the liver farnesoid X receptor. Preferably, the compounds have
minimal systemic bioavailability so that the compounds do not inhibit the liver farnesoid X
receptor which minimizes any systemic toxicity.

The invention further provides methods of synthesizing the compound embodiments of the
invention.

d. Was a patent filed for the invention conceived or first actually reduced to practice in
the performance of work under this health research grant?
Yes X No

If yes, indicate date patent was filed: August 2014

e. Was a patent issued for the invention conceived or first actually reduced to practice in
the performance of work under this health research grant?
Yes No X
If yes, indicate number of patent, title and date issued:
Patent number:
Title of patent:
Date issued:

f.  Were any licenses granted for the patent obtained as a result of work performed under
this health research grant? Yes No_ X

If yes, how many licenses were granted?

g. Were any commercial development activities taken to develop the invention into a
commercial product or service for manufacture or sale? Yes_ X No

If yes, describe the commercial development activities:
We have been working with several groups at the Pennsylvania State University to develop a
marketing plan and to develop several proof of concept and proof of relevance strategies. We
have partnered specifically with the business school and are working with them to identify
potential partners for developing and commercializing our therapeutic.

23(B) Based on the results of this project, are you planning to file for any licenses or patents,
or undertake any commercial development opportunities in the future?

Yes No X
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If yes, please describe your plans:

24. Key Investigator Qualifications. Briefly describe the education, research interests and
experience and professional commitments of the Principal Investigator and all other key
investigators. In place of narrative you may insert the NIH biosketch form here; however,
please limit each biosketch to 1-2 pages.

Principal Investigator/Program Director (Last, First, Middle): Patterson, Andrew, D.

BIOGRAPHICAL SKETCH

Provide the following information for the key personnel and other significant contributors in the order listed on Form Page 2.
Follow this format for each person. DO NOT EXCEED FOUR PAGES.

NAME POSITION TITLE

Andrew D. Patterson

eRA COMMONS USER NAME Assistant Professor of Molecular Toxicology

PATTERSONAN

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as Nursing, and include postdoctoral
INSTITUTION AND LOCATION (if?;gli?:glﬁe) YEAR(S) FIELD OF STUDY

Pennsylvania State University, University Park, B.S. 1999 Microbiology

George Washington University, Washington, DC M.Phil. 2004 Genetics

George Washington University, Washington, DC Ph.D. 2006 Genetics
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A. Personal Statement

In general | have a broad background in molecular biology, biochemistry, and metabolomics.
As a post-doctoral fellow and later a research fellow in the Laboratory of Metabolism of the
National Cancer Institute, | was an integral and productive member of the metabolomics
program and applied my experience to study nuclear receptors dynamics and associated
diseases. In line with the NIH roadmap, my efforts have greatly promoted the development
and identification of translational biomarkers using cutting-edge metabolomics platforms,
including liquid chromatography (LC) and gas chromatography (GC) coupled with mass
spectrometry (MS). | have contributed important findings to the field of metabolomics and
biomedicine in the form of papers published in numerous journals, including Analytical
Chemistry, Journal of Biological Chemistry, Journal of Proteome Research, Nature
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Optimized Metabolite Extraction, Separation, and Identification for Metabolomics

The overall goal of this proposal is to help define key metabolic changes in the liver metabolome
to aid research into a variety of diseases including hepatic steatosis, inflammation, and drug
toxicity. We have designed four specific aims that address fundamentally essential aspects of
any metabolomic study based on liquid chromatography coupled with mass spectrometry:
extraction, separation, and identification with specific reference to the mammalian liver. We
hypothesize that reproducible extraction and separation methodologies can be developed that
are independent of disease state. While here we focus on liver tissue, these approaches will
serve as a foundation for other tissues and biofluids as well as platforms including nuclear
magnetic resonance spectroscopy and gas chromatography coupled with mass spectrometry.
OVERLAP: NONE
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