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Abstract

Recent studies have identified the important role of the gut microbiota in the pathogenesis and
progression of obesity and related metabolic disorders. The antioxidant tempol was shown to
prevent or reduce weight gain and modulate the gut microbiota community in mice; however, the
mechanism by which tempol modulates weight gain/loss with respect to the host and gut
microbiota has not been clearly established. Here we show that tempol (0, 1, 10, and 50 mg/kg p.o.
for 5 days) decreased cecal bacterial fermentation and increased fecal energy excretion in a dose-
dependent manner. Liver IH NMR-based metabolomics identified a dose-dependent decrease in
glycogen and glucose, enhanced glucogenic and ketogenic activity (tyrosine and phenylalanine),
and increased activation of the glycolysis pathway. Serum *H NMR-based metabolomics indicated
that tempol promotes enhanced glucose catabolism. Hepatic gene expression was significantly
altered as demonstrated by an increase in Pepck and Gépase and a decrease in Hnf4a, ChREBP,
Fabp1, and Cad36 mRNAs. No significant change in the liver and serum metabolomic profiles were
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SUPPORTING INFORMATION

Two dimensional 1H-1H total correlation spectroscopy (TOCSY) NMR for SCFAs identification (Figure S1); Body weight and liver to
body to weight ratio change; liver histology (Figure S2); GC-MS Quantification of cecal SCFAs and BCAAs in mice %avaged with
100 mg/kg tempol for 5 days (Figure S3A-B); O-PLS-DA scores and correlation coefficient-coded loadings plots for *H NMR based
cecal metabolites analysis of mice treated with 100 mg/kg tempol for 5 days (Figure S3C); O-PLS-DA scores and correlation
coefficient-coded loadings plots for the models from NMR spectra of cecal content and feces obtained from different dose of tempol-
treated mice (Figure S4); quantification of gross heat of feces by bomb calorimetry (Figure S5); quantitative PCR analysis of universal
16s rRNA gene of fecal microbiome (Figure S6); primer sequences for gPCR analysis of genes associated with glucose and lipid
metabolic pathway (Table S1); bacterial primer sequences (Table S2).
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observed in germ-free mice thus establishing a significant role for the gut microbiota in mediating
the beneficial metabolic effects of tempol. These results demonstrate that tempol modulates the
gut microbial community and its function resulting in reduced host energy availability and a
significant shift in liver metabolism towards a more catabolic state.

INTRODUCTION

Obesity and related metabolic disorders are major public health concerns. Previous studies
identified the gut microbiota as an important factor involved in metabolic homeostasis due to
their role in extracting energy from the diet?, interfering with metabolic signaling?, and
modulating gut inflammation3. The population and functions of the gut microbiota can be
manipulated by xenobiotics (e.g., antibiotics)* °, pathogens (e.g., diarrhea-causing
organisms)®, drugs’, and host genetic factors8. Additionally, the gut microbiota has been
identified as a promising target for therapeutic intervention to treat metabolic disorders
including obesity®.

Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) is a water soluble nitroxide,
stable free radical, which has been reported to be an effective antioxidant in detoxifying
reactive oxygen species in cell culture and animal studies!? 11, Tempol was reported to
inhibit body weight gain in micel? and can dramatically influence non-alcoholic fatty liver
disease (NAFLD) through alterations in signaling between the gut microbiota and the
farnesoid X receptor (FXR)13. The protective effects of tempol against NAFLD were found
to be mediated specifically through changes in the composition of the gut microbiota,
attenuated FXR signaling, and inhibition of hepatic SREBP1C and de novo lipogenesis!®.
Based on these previous studies, the anti-obesity effect of tempol is strongly associated with
alterations in the gut microbiota and host signaling axis.

The gut microbiota has been implicated in host metabolic status mainly through its control
of energy availability by fermenting non-digestible dietary fiber into available, absorbable,
and transportable short chain fatty acids (SCFAs). SCFASs are saturated fatty acids with
aliphatic tails with less than six carbons, among which acetate (C2), propionate (C3),
butyrate (C4) are most abundant®. Acetate is the most abundant SCFAs in the gut compared
to propionate and butyratel8. SCFAs of bacterial metabolic activity account for about 5-10%
of daily energy intake of the host”. Overall the host reabsorbs and utilizes SCFAs as an
energy source or as anabolic substrates for processes including de novo lipogenesis?®.

In the current study, modulation of host energy metabolism by tempol through changes in
gut microbiota fermentation was explored. Cecal contents and fecal SCFA concentrations,
fecal energy excretion, liver and serum metabolite profiles investigated via combined H
NMR-based metabolomics and targeted GC-MS profiling, bomb calorimetry, and hepatic
gene expression were used to assess changes in mice after 5 day intragastric administration
of tempol. Notably, a dose-dependent decrease in bacterial fermentation was found in
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tempol-treated mice along with significant changes in liver metabolism. Metabolic changes
were found to be microbial dependent. This study provides an additional mechanism for the
anti-obesity effect of tempol mediated by the gut microbiota.

MATERIALS AND METHODS

Chemicals

Tempol, short chain fatty acids, 1-propanol, propyl chloroformate, pyridine, sodium
chloride, KoHPQy,, and NaH,PO,4 were purchased from Sigma-Aldrich Chemical Co. Ltd.
(St. Louis, MO). Hexane and methanol were purchased from EMD Chemicals Inc
(Gibbstown, NJ). The internal standard hexanoic acid-6,6,6-d3 was obtained from C/D/N
Isotopes Inc (Pointe-Claire, Quebec, Canada). Sodium 3-trimethylsilyl [2,2,3,3-d,4]
propionate (TSP-d4) and D20 (99.9% in D) were purchased from Cambridge Isotope
Laboratories (Miami, FL). Standard benzoic acid pellets were purchased from Parr
Instrument Company (Moline, IL). All compounds were of the highest analytical grade
available.

Tempol Treatment and Sample Collection

C57BL/6J wild-type male mice (4-week-old) were purchased from the Jackson Laboratory
(Bar Harbor, Maine). The mice were housed in polypropylene cages with corncob bedding
in a controlled environment (temperature, 65-75°F; relative humidity, 30%-70%;
photoperiod, 12 h light/dark cycle). Water and regular chow were supplied ad libitum. Mice
were randomly grouped after one-week acclimatization before treatment. Tempol (dissolved
in 0.9% saline) was administered in the morning by gavage for 5 consecutive days. The
control group was administered an equivalent volume of 0.9% saline. Mice were transferred
to nalgene metabolic cage systems (Tecniplast, USA) and housed individually for 24 hours
during the acclimatization period and treatment period every other day for fecal sample
collection. Mice were weighed in the mornings and killed on day 6. Liver, cecal contents,
and serum samples were collected immediately following CO5 asphyxiation. All samples
were quickly placed in liquid nitrogen then stored at —80 °C for future analysis. All
procedures were performed in accordance with the Institute of Laboratory Animal Resources
guidelines and approved by the Pennsylvania State University Institutional Animal Care and
Use Committee. Germ-free mice wild-type C57BI/6J mice were bred and maintained by the
Pennsylvania State University Gnotobiotic Facility, housed in germ-free isolators, and fed an
autoclaved diet. All materials and supplies were sterilized before transfer into the isolators.
Germ-free status was monitored continuously and confirmed through a series of culture
based assays.

Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

SCFAs level in tissues were measured with a targeted protocol as described previously1®. 50
mg of cecal content or feces were mixed with 1 mL of 0.005 M aqueous NaOH containing
internal standard hexanoic acid-6,6,6-d3 (5 pg/mL), homogenized (Bertin Technologies,
Rockville, MD) at 6500 rpm,1 cycle, 60s and then centrifuged (Eppendorf, Hamburg,
Germany) at 13,200 x g at 4 °C for 15 min. The supernatant was collected and an aliquot of
500 L of a solvent mixture of 1-propanol/pyridine (3/2, v/v) and 100 pL of propyl
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chloroformate was subsequently added to the supernatant and briefly vortexed. Samples
were heated (Thermo Scientific, Marietta, OH) at 60 °C for 1 hour. The derivatized samples
were extracted with a two-step hexane extraction. 300 pL of hexane was added to the
sample, vortexed for 30 s, and then centrifuged (2000 x g, 4 °C for 5 min). 300 uL of the
upper layer was transferred to a glass auto sampler vial for GC-MS analysis. Another 200
pL of hexane was added to the sample and the extraction repeated and combined with the
previous upper layer. Samples were analyzed using a 7890A gas chromatograph coupled
with an Agilent 5975C mass selective detector (Agilent Technologies, Santa Clara, CA). A
HP-5-MS (5 %-diphenyl 95%-methylpolysiloxane) capillary GC column (30 m x 250 pm
i.d. 2.5um film thickness, Agilent Technologies) was used with helium as the carrier gas at a
constant flow rate of 1 mL/min. 0.5 uL sample was injected onto the column using a
pressure pulsed split (10 psi, split ratio 10/1) The initial column temperature was set at 55 °C
for 0.5 min and then increased to 70 °C at a rate of 10 °C/min, increased to 85 °C at a rate of
3 °C/min, increased to 110 °C at a rate of 5 °C/min, increased to a final temperature of

290 °C at a rate of 30 °C/min which was held for 5 minutes. The temperatures of the front
inlet, transfer line and mass source were set at 260 °C, 290 °C, 230 °C. Mass spectral data
was collected in a full scan mode over the a mass range 35-500 /72/z with an electron energy
of 70eV. All raw data were processed with Enhanced Chemstation (Agilent Technologies)
for mass spectral visualization, identification, and quantitation. The integrated areas of the
SCFAs were normalized to the internal standard and quantified with a standard curve
constructed from serial dilutions (2500 uM, 1250 pM, 625 pM, 315 puM, 156.25 uM, 78.125
UM, 0) of SCFAs.

Nuclear Magnetic Resonance (NMR) Spectroscopy Sample Preparation

Cecal content or fecal samples (50 mg-100 mg) were mixed with 800 uL of phosphate buffer
(KoHPO4/NaH,PO4, 0.1 M, pH 7.4, 50% v/v D,0) containing 0.005% TSP-d4 as a
chemical shift reference (6 0.00 ppm). The sample was freeze/thawed three times with liquid
nitrogen then homogenized (Precellys 24, Bertin Technologies, Rockville, MD) and
centrifuged (13,200 x g, 4 °C) for 10 min. The supernatant was transferred to a new
microcentrifuge tube and another 400 uL of PBS was added to the pellets and the above
procedure repeated. The supernatants were combined, centrifuged (13,200 x g, 4 °C, 10
min), and 550 pL was transferred to NMR tubes. Liver tissues (50 mg) were extracted three
times with 600 uL of precooled methanol-water mixture (2/1, v/v) using the Precellys tissue
homogenizer. After homogenization and centrifugation (13,200 x g, 4°C, 10 min), the
combined supernatants were dried and reconstituted in 600 puL phosphate buffer (K2HPO4/
NaH2PO4, 0.1M, pH 7.4, containing 50% D,0 and 0.005% TSP-d,). After centrifugation
(13,200 x g, 4 °C, 10 min), 550 L of each extract was transferred into an NMR tube for
analysis. Serum samples (200 pL) were combined with 400 pL of phosphate buffer
(KoHPO4/NaH,PO4, 45mM, pH 7.4, 50% v/v D,0 containing 0.9% NaCl) and centrifuged
(13,200 x g, 4 °C, 10 min). 550 pL of supernatant was transferred into NMR tubes for
analysis.

1H NMR Spectroscopy, Spectral Data Processing, and Multivariate Data Analysis

1H NMR-based metabolomic analysis was performed as previously described20. Color-
coded loading plots were generated from the O-PLS-DA models using a script for MATLAB
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(The Mathworks Inc.; Natick, MA). O-PLS-DA scores represent the model power and the
color-coded correlation coefficient indicates the significance of the metabolite contribution
to the class separation, with a “hot” color (e.g., red) being more significant than a “cold”
color (e.g., blue). In this study, a cutoff value of |r| > 0.707 (r > 0.707 and r < -0.707) was
chosen for correlation coefficient as significant based on the discrimination significance (p <
0.05). SCFAs in cecal content and feces were assigned with two dimensional 1H-1H total
correlation spectroscopy (TOCSY) NMR (Figure S1). Relative content of each SCFA is
determined by NMR peak area of SCFA relative to internal standard (TSP-dy).

Bomb Calorimetry

Bomb calorimetry was performed using a 6200 isoperibol calorimeter (Parr Instrument
Company, Moline, IL). Dried fecal samples (100 mg) were weighed and ground in a clean
mortar and pestle. Ground samples were pressed into ¥ inch diameter pellets (Parr 2812
Pellet Press, Moline, IL). The remaining moisture content was removed from the fecal pellet
using a speedvac concentrator (Thermo Fisher Scientific, Marietta, OH). Benzoic acid
pellets were used for standardization and optimization of the bomb calorimeter. Samples
were placed in a tared fuel capsule (208AC) in the 1109A semi-micro oxygen bombs (Parr
Instrument Company, Moline, IL) and fixed by a coiled 10 cm of NiCr fuse wire (PN
45C10). A minimum 99.5% purity oxygen was provided with 420 psi pressure to the bomb.
Prepared semi-micro bomb were set on a ring support in the A604DD twin-chambered
calorimeter bucket. Gross heat of samples were determined by the temperature change
recorded during combustion and expressed as calories/gram feces.

Quantitative PCR analysis

Liver (50 mg) was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). DNA
concentration was determined by Nanodrop. cDNA was synthesized from 1 pg of total RNA
using qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD) and then were
diluted to 1pg/pL before subjected to quantitative PCR. QPCR was performed using SYBR
green QPCR master mix on an ABI Prism 7900HT Fast Real-Time PCR sequence detection
system (Applied Biosystems, Foster City, CA). QPCR conditions were 95°C for 20 s; 95 °C
for 0.01 s; 60 °C for 20 s; 95 °C for 15 s; 60 °C for 15 s and 95 °C for 15 s, 40 cycles. The
reactions were analyzed according to the AACT method. All targeted mRNA were
normalized to the GADPH mRNA as an internal control.

Data Analysis

RESULTS

Graphical illustrations and statistical analysis were performed using Prism GraphPad version
6. All data values were expressed as mean £ SEM. p<0.05 was considered significant.

Tempol influences weight gain and preserves liver function in a dose-dependent manner

To determine if the observed anti-obesity effect of tempol is dose-dependent, mice were
treated with tempol (0, 1, 10, 50 mg/kg) by gavage for 5 consecutive days. The control group
and 1 mg/kg tempol group mice showed a 1.5% increase in body weight per day over the
treatment period (Figure S2A). However, the body weight gain for 10 mg/kg tempol treated
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mice showed a similar rate (1.5% per day) for the first two days, and then decreased to
0.47% per day from day 2 to day 5. The 50 mg/kg tempol-treated mice showed significant
weight loss over the entire study (1.65% per day). This data demonstrates that the body
weight gain is inversely associated with the tempol dose. Change in body weights were not
due to toxicity, as no change in wet liver weight to body weight ratio was observed (Figure
S2B). Additionally, liver histology (Figure S2C) showed no morphological difference
between control and tempol treated groups, further indicating that tempol treatment did not
cause substantial physiological and histological abnormalities.

Tempol modulates SCFAs availability in gut

It was reported that fecal SCFA concentrations are significantly higher in obese than lean
counterparts?l: 22, In agreement with this finding, decreased cecal SCFAs were found in 100
mg/kg, tempol-treated mice (Figure S3), suggesting that tempol inhibits bacterial
fermentation and decreases SCFAs availability in the lower gut. To determine whether the
SCFAs inhibition effect of tempol is dose-dependent, SCFA levels were measured in mice
treated with different doses of tempol by global *H NMR metabolomics and targeted GC-
MS analysis. As shown in Figure 1A-D, a dose-dependent decrease of SCFAs was observed
in extracts from the cecal content and feces upon tempol with the most significant decrease
observed in the 50 mg/kg dose group. Specifically, when compared with control, the 50
mg/kg group exhibited a 41%, 25% and 39% decrease in cecal acetate, propionate, and
butyrate, respectively, as identified by 1H NMR. These changes were confirmed by GC-MS
revealing a 28%, 63% and 37% decrease in cecal acetate, propionate and butyrate,
respectively. In feces, a 50%, 36%, 21% decrease of acetate, propionate and butyrate and a
42%, 41%, 33% decrease of acetate, propionate and butyrate were identified by *H NMR
and GC-MS, respectively. In general, higher amount of SCFAs were measured in the cecal
contents than from feces by GC-MS quantification, indicating the SCFAs reabsorption and
utilization occurred as the cecal contents passed through the colon. Interestingly, in the 50
mg/kg tempol group, an increase of amino acids (tyrosine and phenylalanine), nitrogenous
bases (uracil) and the nitrogenous base derivative (hypoxanthine) were identified as being
significantly changed in the cecum (Figure S4A) suggesting further alterations in amino acid
and nucleotide metabolism in the small intestine.

Tempol-treated mice excrete more energy

Analysis of fecal metabolites revealed a dose-dependent increase of glucose and
oligosaccharides in tempol-treated groups (Figure 1C), which are substrates for microbial
fermentation. This observation suggests decreased microbial fermentation ability of tempol-
treated mice. To further validate these findings, bomb calorimetry was performed to
determine the energy loss into feces (Figure S5). The feces collected from metabolic cages
after the final dosing with tempol was used for gross heat measurements. The results
demonstrated that as the tempol dose increased, there was a proportional increase in the total
gross heat measured in the fecal pellets. Specifically, one gram of feces from the 50 mg/kg
tempol treated mice contains, on average, 139 more calories compared to control mice. The
increased fecal energy excretion is consistent with the decreased energy availability revealed
by lower SCFA production after tempol treatment.
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Tempol-mediated metabolic changes in liver are microbiota dependent

To further determine the impact of tempol on energy metabolism, the liver metabolome was
measured by TH NMR. No hepatic metabolite differences were identified for the 1 mg/kg
dose (Figure 2A). However, at the 50 mg/kg dose, reduced glycogen, sugars, and amino
acids were identified and indicative of increased hepatic energy storage mobilization. The
glucogenic and ketogenic amino acids phenylalanine and tyrosine, which promote
catabolism for energy availability?® were increased. Additionally, uridine, a nucleoside
involved in glycolysis was upregulated in the 50 mg/kg tempol group compared to control.
Another immunoprotective and neuroprotective nucleoside, inosine24, was upregulated.
These results suggest that the overall liver metabolism balance shifted from energy storage
to energy generation.

Although observations in the current and previous studies suggested that tempol changes the
gut microbiota and causes metabolic alterations in the liver, it is unclear whether these
changes are a direct effect of tempol administration or are microbiota-mediated. The germ-
free mouse liver metabolome was unchanged by 50 mg/kg tempol treatment as observed in
conventionally-raised mice (Figure 2B), indicating the microbiota play a vital role in
directing metabolic alterations with tempol.

Tempol-altered microbiota result in altered serum metabolites

Similar to the 1H NMR metabolomic profiles of the liver, a significant dose-dependent effect
was identified in the serum of conventionally-raised mice (Figure 3A). No significant
changes were seen in the 1 mg/kg tempol treated mice, while a variety of metabolites were
altered in the 10 mg/kg and 50 mg/kg groups. Specifically, pyruvate, lactate, and citrate were
increased while glucose was markedly decreased, indicating upregulation of glycolysis.
However, the germ-free mouse serum profile was not significantly changed compared to
control (Figure 3B), again demonstrating that the induced metabolic shifts by tempol are
microbiota-dependent.

Tempol alters hepatic gene expression involved in glucose and lipid metabolism

To further investigate the molecular mechanisms associated with the observed metabolic
changes, the expression of genes associated with glucose and lipid metabolic pathway were
analyzed by QPCR. The 50 mg/kg tempol treatment group had significantly increased
hepatic expression of Pepck and G6pase mMRNA by one to two fold in conventionally-raised
mice (Figure 4A), indicating upregulation of gluconeogenesis and glycolysis. Moreover, an
overall decrease or decreased trend of hepatic expression of Hnf4a, ChREBP, Fabpl, FabpZ,
Fabp5, and Cd36 mRNAs encoding adipogenic transcription factors and proteins were
detected in the conventional 50 mg/kg tempol treated mice (Figure 4B). These results
suggest down regulation of de novo lipogenesis and improvement of lipid metabolism,
consistent with the obesity-resistant phenotype observed with tempol. No significant
changes in the expression of these genes were identified in germ-free tempol-treated mice,
again demonstrating the effects of tempol are highly dependent on the gut microbiota.
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DISCUSSION

Here we proposed that tempol restricts energy availability in the host through inhibition of
microbial SCFA production. Other studies reported greater colonic SCFA production in
overweight and obese individuals compared to lean counterparts in humans independent of
dietary intake?1-22: 25 These observations indicate SCFA metabolism plays a significant role
in obesity. Consistently, the anti-obesity compound tempol decreases cecal and fecal acetate,
propionate, and butyrate levels in a dose-dependent manner. Moreover, the substrates for
microbial fermentation, glucose and oligosaccharides, were excreted in greater quantities
into feces in tempol treated mice. Thus it is likely that the reduced energy-harvesting
potential of tempol-altered gut microbiota contributes to the metabolic improvements
observed in models of diet-induced obesity?: 26,

In addition to the restriction in energy availability, tempol profoundly impacts the overall
metabolism of the host. SCFAs are not only direct energy substrates for tissues but also
substrates for gluconeogenesis (e.g., propionate)2’=28 and lipogenesis?8. For
gluconeogenesis, propionate acts as a precursor2-30 which is first converted to propionyl-
CoA and then to succinyl-CoA. Succinyl-CoA enters the citrate cycle to generate
oxaloacetate, the direct precursor for gluconeogenesis. Therefore, restricted SCFAS
availability would be expected to lead to downregulated glucose levels and decreased
products like glycogen and glucose. As expected, with tempol treatment, an overall decrease
in glycogen, sugars, and amino acid reserves were observed in liver, suggesting decreased
glucose anabolism and increased glucose catabolism, consistent with a lean phenotype and
the previously described insulin sensitivity improvement effect of tempol3L. Moreover,
elevated hepatic acetate levels suggest increased fatty acid catabolism, as acetate is an end
product of fatty acid oxidation in liver peroxisomes32: 33, The glucogenic and ketogenic
essential amino acids phenylalanine and tyrosine are important for energy generation and
they are also precursors of thyroid hormone and catecholamines (e.g., dopamine,
epinephrine, norepinephrine) that act on adipose tissue to modulate lipolysis and
thermogenesis23. An upregulation of phenylalanine and tyrosine in the liver of tempol
treated mice might indicate an alteration in energy production and lipid metabolism.
Previous mouse studies suggested the serum glucose levels were decreased through caloric
restriction34 35, Further, serum glucose levels are positively correlated with body mass index
(BMI) observed in human studies3®: 37, Tempol serum metabolite profiles identified
decreased glucose and amino acids levels consistent with the decreased hepatic glucose and
amino acid reserves, improved insulin sensitivity, and lean phenotype. Lactate is derived
from anaerobic glycolysis and subcutaneous fat38: 39, which is also a major precursor for
gluconeogenesis. Elevated lactate in liver and serum is consistent with upregulated glucose
utilization and fat mobilization.

Alterations in the expression of key hepatic genes associated with glucose and lipid
metabolic pathways further confirmed the metabolic changes revealed by metabolomic
analysis. PEPCK is a rate-controlling enzyme in gluconeogenesis and its mMRNA was
upregulated in the 50 mg/kg tempol treated livers of conventional mice. mMRNA encoding
G6Pase, the key enzyme in gluconeogenesis and glycogenolysis that hydrolyzes glucose-6-
phosphate to free glucose that can then enter circulation?, was increased in the 50 mg/kg
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tempol group. Glycogenolysis and gluconeogenesis are two pathways to generate glucose
from either glycogen or non-carbohydrate precursors. Both pathways are upregulated in
tempol-treated group likely due to an adaptive response of liver in attempt to restore glucose
levels. As glucose utilization is accelerated with tempol treatment, hepatic glucose levels are
reduced. In order to keep up with the demand for glucose utilization, the liver compensates
by mobilizing glucogenic pathways. Primarily, glycogenolysis is upregulated to free glucose
from glycogen. Secondarily, gluconeogenesis is activated to generate more glucose from
non-carbohydrate substrates. The upregulated glycogenolysis and gluconeogenesis pathways
along with the upregulated hepatic gene expression with tempol treatment are consistent
with the decreased hepatic glucose reserves and increased hepatic gluconeogenic precursors
(phenylalanine and tyrosine) revealed by 'H NMR-based liver metabolomic profiling. There
was an increasing trend of G/u2 mRNA as well, typically increased with improved insulin
sensitivity as seen in type 11 diabetes*!. Besides glucose metabolism related genes, mMRNAs
encoding transcription factors Hnf4a and ChREBP, and lipogenic proteins Fabpl and Cd36
were downregulated. The downregulation of genes involved in lipid metabolism in
conventional tempol treated mice reveals inhibition of de novo lipogenesis by tempol which
also explains the observed adiposity-resistant phenotype of conventional tempol treated
mice.

Metabolomic profiling of conventional tempol-treated mice suggests an energy balance shift
from storage to substrate breakdown and energy generation to compensate for the reduced
production of SCFAs. For example, we observed an increase in the glycogenolysis,
glycolysis, and lipolysis pathways. It is likely that the combined effects of these pathways all
contribute to the observed anti-obesity phenotyped in tempol-treated mice. Furthermore,
these effects were highly dependent on the gut microbiota as germ-free mice treated with
tempol had no significant changes in their serum or liver metabolomic profiles.

Obese microbiota community structure analysis from mouse and human studies were
characterized by an elevated Firmicutes to Bacteriodetes ratio?%: 42-44 indicative of better
fermentation capacity with greater energy harvesting potential from the microbial
community. Consistent with previous studies!3, a decreased Firmicutes to Bacteriodetes
ratio was observed in the 50 mg/kg tempol group on a normal chow diet (Figure S6B). Other
microbial changes reported with tempol treatment including decreasing abundance of p-
Proteobacteria and Lactobacillus spp., were also confirmed in this study (Figure S6C-D).
Overall, tempol helps promote a more obesity resistant gut microbial community which
provides a better environment for energy restriction and metabolic regulation.

The anti-obesity effects of tempol have been associated with its anti-oxidative stress
properties3l 45 Here, by comparing conventionally-raised and germ-free mice, the current
studies demonstrated that tempol exerts its anti-obesity effect, in part, through interactions
with the gut microbiota and the host. Further, the tempol-altered microbiota is sufficient to
promote the obesity resistant phenotype by causing metabolic changes from energy storage
to expenditure.
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Figurel.

Tempol inhibits gut microbiota fermentation in a dose-dependent manner. (A and C) Cecal
content extracts and fecal metabolite changes were determined by *H NMR. Relative content
of metabolites were determined by NMR peak integration compared to the internal standard
TSP in the cecal content extracts and feces. Groups labeled with different letters are
statistically significant (p<0.05), while groups sharing at least one letter are not significantly
different. Groups without labels are not significantly different from other groups. (B and D)
Quantification of SCFAs by GC-MS analysis was performed to validate results obtained

via IH NMR. All data are presented as mean + SEM. (n=5 mice per group) and analyzed

using one-way ANOVA with Tukey’s correction.
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Figure2.

Liver metabolism shifts to a more catabolic state in conventionally-raised mice treated with
increasing doses of tempol. (A) Conventionally-raised mouse liver metabolic profiles of
control group (black circles) and 1 mg/kg (red squares), 10 mg/kg (blue squares), and 50
mg/kg (purple asterisks) tempol groups determined by 1H NMR. O-PLS-DA scores (left)
and coefficient-coded loadings plots (right) for the models obtained from the 1H NMR liver
spectra (n=5 mice per group). (B) Comparison of germ-free mice liver metabolites between
control group (back circles) and 50 mg/kg tempol group (red squares) determined by H
NMR (n=5 mice per group).
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Figure 3.

Serum metabolites are associated with increased glycolysis in conventionally raised mice
treated with increasing doses of tempol. (A) Comparison of serum metabolic profiles of
conventionally-raised mice between control group (black circles) and 1 mg/kg (red squares),
10 mg/kg (blue squares), and 50 mg/kg (purple asterisks) tempol groups determined by 1H
NMR. O-PLS-DA scores (left) and the coefficient-coded loadings plots (right) for the
models obtained from the NMR spectra of serum extracts (n=5 mice per group). (B)
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Comparison of serum metabolites between control group (black circles) and 50 mg/kg
tempol group (red squares) determined by TH NMR in germ-free mice (n=5 mice per group).
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Figure 4.
Tempol altered hepatic expression of genes involved in glucose and lipid metabolism. QPCR

analysis of hepatic mRNA levels of (A) glucose metabolism related genes, (B) lipid
metabolism related genes in conventionally-raised and germ-free mice after 5-day tempol
treatment. Groups with different letters are significantly different (p<0.05). Groups without
labels are not significantly different from other groups. All data are presented as mean +
SEM (n=5 mice per group) and analyzed using one-way ANOVA with Tukey’s correction,
or two-tailed Student’s t-test.
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