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Abstract

The nitroxide, Tempol, prevents obesity related changes in mice fed a high fat diet (HFD). 

The purpose of this study was to gain insight into the mechanisms that result in such changes 

by Tempol in female C3H mice. Microarray methodology, Western blotting, bile acid analyses, 

and gut microbiome sequencing were used to identify multiple genes, proteins, bile acids, and 

bacteria that are regulated by Tempol in female C3H mice on HFD. The effects of antibiotics 

in combination with Tempol on the gut microflora were also studied. Adipose tissue, from 

Tempol treated mice, was analyzed using targeted gene microarrays revealing up-regulation of 

fatty acid metabolism genes (Acadm and Acadl > 4-fold, and Acsm3 and Acsm5 > 10-fold). Gene 

microarray studies of liver tissue from mice switched from HFD to Tempol HFD showed down-

regulation of fatty acid synthesis genes and up-regulation of fatty acid oxidation genes. Analyses 

of proteins involved in obesity revealed that the expression of aldehyde dehydrogenase 1A1 

(ALDH1A1) and fasting induced adipose factor/angiopoietin-like protein 4 (FIAF/ANGPTL4) 

was altered by Tempol HFD. Bile acid studies revealed increases in cholic acid (CA) and 

deoxycholic acid (DCA) in both the liver and serum of Tempol treated mice. Tempol HFD 

effect on the gut microbiome composition showed an increase in the population of Akkermansia 
muciniphila, a bacterial species known to be associated with a lean, anti-inflammatory phenotype. 

Antibiotic treatment significantly reduced the total level of bacterial numbers, however, Tempol 

was still effective in reducing the HFD weight gain. Even after antibiotic treatment Tempol still 

positively influenced several bacterial species such as as Akkermansia muciniphila and Bilophila 
wadsworthia. The positive effects of Tempol moderating weight gain in female mice fed a HFD 

involves changes to the gut microbiome, bile acids composition, and finally to changes in genes 

and proteins involved in fatty acid metabolism and storage.
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1. Introduction

Obesity is a major health issue and a matter of global concern. The wide array of diseases 

obesity is associated with is well documented [1–3]. Consequently, the discovery of anti-

obesity compounds is an ongoing effort by the research community world-wide [4–6].

Our group has been involved for a considerable time in studying the antioxidant properties 

of the free radical nitroxide, Tempol [7–15]. We have demonstrated that Tempol exerts a 

number of properties relevant to biological systems such as superoxide dismutase mimic 

activity [12, 13] a potent recycling antioxidant [14], and a radiation protector [16], both 

in vitro and in vivo. An unexpected observation was prevention of weight gain after 

supplementing the drinking water with sucrose and Tempol in C3H mice [16]. Further 

studies revealed a similar effect on weight gain in mice fed a HFD with Tempol [17]. For 

both of these studies, no untoward toxicity was observed in mice administered with Tempol 

for 16–20 weeks. A study by Ley et al. [18] laid the foundation that the gut microbiome is 

altered in obesity. Given the manner of administration of Tempol (food, water, gavage) 

the role of the gut microbiome in regulating systemic metabolism and controlling fat 

accumulation has been explored vigorously by various researchers [19, 20]. Li et al. [19] 

found that Tempol treatment alters the gut microbiome by decreasing Lactobacillus which 

led to a decrease in bile salt hydrolase, improving the metabolic phenotype of mice on 

HFD. This in turn led to an increase in the bile acid, tauro-β-muricholic acid, which is a 

substrate of bile salt hydrolase and a farnesoid X receptor antagonist. Thus, Tempol was 

postulated to exert its anti-obesity effects by inhibiting intestinal FXR via increased levels of 

tauro-β-muricholic acid. Further studies have demonstrated that Tempol treatment impacts 

liver genes involved in glucose and lipid metabolism [20]. One important point to note is 

that for Li et al. study [19] and others [20–22] only male mice were studied. Our group had 

previously shown that Tempol-mediated moderation of weight increase in male C3H mice 

was not as pronounced as that seen for female mice of the same strain [16]. Furthermore, 

since much of our previous work was carried out in C3H female mice to study the effects 

of Tempol on radiation-induced carcinogenesis [23] we wanted to study the gut microflora 

of C3H female mice in response to Tempol treatment. Lastly, since Tempol was able to 

modulate weight over the lifespan of C3H mice [16,23] we were interested if Tempol altered 

gene expression in liver and adipose tissue.

In the current study, a significant remodeling of the gut microflora was observed in female 

mice fed a Tempol/HFD. Bile acid analysis revealed that Tempol changed the composition 

of bile acids in both the liver and serum of HFD treated mice. In addition, gene expression 

studies in liver and white adipose tissue showed changes in fatty acid synthesis and 

oxidation genes. Finally, proteins involved in fatty acid storage and metabolism were altered 

by Tempol administration.
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2. Methods

2.1. Animal studies

Female C3H/Hen−TacMTV− mice between 5 and 6 weeks of age were acquired from 

Taconic Farms, Hudson, NY. Mice were housed in a specific pathogen-free facility on a 12-h 

day/night cycle with chow and water ad libitum. When mice were 8–9 weeks old, they were 

divided into groups and fed either control chow diet (CD), a control high fat diet (CHFD), 

or a high fat diet containing Tempol (10 gm/kg) (THFD), all with added bacon flavor 

and purchased from Bio-Serv (Flemington, NJ). The components of the high fat diet from 

Bio-Serv are given in Table S4. Animal weights were recorded 2–3 times a week during 

the entire duration of each experiment. In one study, groups of mice consuming CHFD or 

THFD were switched after 70 days to THFD and CHFD, respectively. The animals were 

then followed for times up to 119 days. Liver tissue was collected at days 70, 85, and 119 

days. In another experiment, plasma was collected and the weights of the liver and adipose 

tissue were recorded from animals sacrificed at day 70, 77, and 94 days. The liver and fat 

were divided into 2 parts and either fixed in formalin or flash frozen in liquid nitrogen. All 

animal experiments were carried out in accordance with protocols approved by the National 

Cancer Institute Animal Care and Use Committee (ACUC) and followed the Guide for the 

Care and Use of Laboratory Animal Resource (2011, National Research Council).

2.2. Gene arrays

Frozen liver and fat samples were homogenized in Trizol (Thermo Fisher Scientific, 

Waltham, MA). The subsequent steps were done using the RNeasy kit from Qiagen 

(Germantown, MD). The aqueous phase was transferred to RNeasy column, followed by 

the manufacturer’s instructions for the isolation of RNA.

For liver tissues cDNA was synthesized for use with microarrays developed by the Radiation 

Oncology Sciences Program, National Cancer Institute (NCI) [23]. Gene expressions were 

assayed using mouse NIA15K cDNA clone set microarrays containing 16,192 spotted 

features. Details of arrays, feature intensity determination and normalization may be found 

elsewhere [24]. Significantly differentially expressed genes were identified by one-way 

ANOVA of the expression data of 24 mice at time points I, II and III (on day 70, day 85 and 

last day respectively), where each time point had 4 mice on CHFD and 4 mice on THFD. 

There were 1353 features altered by 2-fold (maximum/minimum ratio >2) at p < 0.01 and 

their false discovery rates estimated by Benjamini & Hochberg method [25] were <0.0375. 

The original feature annotations from ROSP-NIA15K-v2px-32Bx23Cx22R.gal file provided 

by NCI were embedded in the intensity data files. These feature annotations were updated 

using S.O.U.R.C.E. database (https://source-search.princeton.edu/) and manual queries of 

UCSC Genome Browser (https://genome.ucsc.edu, Mouse Dec. 2011, GRCm38/mm10 

Assembly). The annotations of 1265 of the above 1353 features were identified in which 598 

altered by 2.5-fold. Hierarchical clustering of mean centered logarithmic data was performed 

by average linkage algorithm and 1-correlation coefficient as distance metric [26].

For adipose tissue gene expression studies RNA was extracted and shipped to Qiagen 

(Germantown, MD) for pathway-focused gene expression analysis with the RT2 Profiler 
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PCR fatty acid metabolism array (PAMM-007Z). The data obtained was normalized to the 

housekeeping genes.

2.3. Oil Red O staining for lipid droplets

An earlier published protocol was followed for Oil Red O staining [27]. Frozen liver 

sections (5–6 μm) were air dried and fixed in 10% neutral buffered formalin for 10 min 

and then dipped in 60% isopropanol followed by staining in a working solution of Oil Red 

O for 15 min. The sections were then rinsed in 60% isopropanol very briefly followed by 

rinsing in distilled water. The sections were then counter-stained with Mayer’s Hematoxylin 

and then rinsed several times in distilled water. Cover slips were mounted on slides with an 

aqueous mounting medium.

2.4. Western blots

Frozen samples of adipose tissues were homogenized in ice cold RIPA buffer supplemented 

with protease and phosphatase inhibitors. The samples were incubated on ice for 30 min 

and then centrifuged at 10,000×g for 10 min. The supernatant was collected and centrifuged 

again at 10,000×g for 30 min. The supernatant was then pipetted into fresh tubes and 

stored at −70 °C. Protein samples of equal amounts were subjected to SDS PAGE on 4%–

20% Tris-glycine acrylamide gels (Novex-Invitrogen). Following transfer to nitrocellulose, 

samples were probed with primary antibodies ALDH1A1 (ab52492) from Abcam (Waltham, 

MA), ANGPTL4/FIAF (PA1-1053) from Thermo Fisher Scientific (Waltham, MA) followed 

by rabbit secondary antibody from Santa Cruz Biotechnology (Dallas, TX), and were 

visualized by chemiluminescence (PerkinElmer; Billerica, MA). To confirm equal protein 

loading and transfer, membranes were stripped by ReBlot Plus from MilliporeSigma 

(Burlington,MA) and re-probed using anti-HPRT antibody (sc-376938) from Santa Cruz 

Biotechnology (Dallas, TX). Densitometric analysis was accomplished with image analyzer 

software coupled with the Fluorchem FC800 system (Alpha Innotech).

2.5. Bile acid analysis

Quantitative bile acid analysis was done on serum and liver samples using the Biocrates 

Bile Acids Kit. The Duke Proteomics and Metabolomics Shared Resource (Durham, NC) 

services were utilized for this purpose. The kit measures 20 bile acids out of which 3 

are murine specific (Supplemental Table 5). Selective analyte detection was accomplished 

by use of a triple quadrupole tandem mass spectrometer operated in Multiple Reaction 

Monitoring (MRM) mode, in which specific precursor to product ion transitions are 

measured for every analyte and stable isotope labeled internal standard.

2.6. Gut microbiome analysis

A total of 120 mice equally divided into 8 groups (n=15 per group) were included to study 

the gut microbiome. Half of the groups were treated with antibiotic cocktail containing 

vancomycin (500 mg/L), neomycin (1 g/L) and primaxin (500 mg/L) by mixing in the 

animals’ drinking water [28] and replacing with fresh antibiotics on alternate days. All the 

mice were fed with control chow diet (CD) for 3 weeks. At the end of 3 weeks, one group 

without antibiotics treatment (3wkCD) and one with antibiotics treatment (3wkAbCD) were 
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euthanized, their whole cecum contents were extracted and flash frozen. Beginning from 4th 

week, two groups were fed with high fat diet (CHFD) and two other groups were fed tempol 

high fat diet (THFD) instead of CD, and a group from each diet received antibiotics. At the 

end of 6 weeks all the six groups of mice were euthanized, and their cecal contents were 

extracted. The samples were labeled with their diet codes CD, CHFD and THFD and by 

prefixing with Ab to distinguish the antibiotics treated groups, (see Supplemental Fig. S2).

Microbial genomic DNA was extracted from the cecum contents using the DNeasy 

PowerSoil Kit (Qiagen, Germantown, MD). The extracted DNA was subjected to 

microbiome sequencing at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) on 

Illumina MiSeq according to the manufacturer’s guidelines and the sequence data were 

processed by MR DNA analysis pipeline. Briefly, the microbiome was assayed by 

sequencing 16S rRNA gene V4 variable region using PCR primer pair 515/806, the 

sequences were joined, depleted of barcodes, sequences <150 bp and with ambiguous base 

calls were removed, denoised, and chimeras were removed.

About 13,000 Operational taxonomic units (OTUs) were obtained by clustering at 97% 

similarity, which were taxonomically classified using BLASTn against a curated database 

derived from RDPII and NCBI (http://rdp.cme.msu.edu and www.ncbi.nlm.nih.gov). The 

counts of species, genus, family, order, class, or phylum were calculated as aggregate sum of 

respective OTU counts. There were 656 bacterial species in 14 phyla present at least in one 

of the 120 samples. The total counts of individual samples widely varied between 700 and 

300,000 due to antibiotics treatment and diet variations. The percent (%) abundances of flora 

in a sample were calculated relative to its total counts.

Statistical analysis of the gut microbiome data was performed in R software environment 

(http://www.cran.org). The Shannon diversity index (H), evenness and richness values were 

estimated using vegan package [29]. Principal component analysis (PCA) was performed 

using mixOmics package [30]. The count data were centered and scaled to have equal 

weights to all species. The projection on the 3 principal components (PCs) accounting for 

highest variance is shown as a 3-dimensional graph where the points represent samples. The 

samples within each group are enclosed by ellipsoids covering 95% probability. Hierarchical 

clustering of 50 species having significant differential abundances between any two of 

CHFD, THFD, AbCHFD and AbTHFD groups (ANOVA or Wilcoxon rank sum test p 

< 0.001, mean counts ≥100 and present in ≥7 samples in a group) was performed using 

the data transformed to logarithmic scale. The data were mean centered and clustered by 

average linkage algorithm using 1-correlation as distance metric [26].

2.7. Additional statistical analysis

Error bars shown for qPCR data were determined from 95% confidence intervals. Ratio 

values and error bars were determined by the propagation of error formula for the bile acids. 

All other statistics were calculated using the mean and SEM (standard error of mean). A 

Student’s t-test was used to the determine statistical significance.
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3. Results

3.1. Tempol restricts weight gain and lipid accumulation in HFD fed mice

Fig. 1A shows the effect of using a CHFD (88% saturated fats/12% unsaturated fats) ± 10 

mg/kg of Tempol bacon flavored chow in female C3H mice over a 120-day period. Mice on 

a CHFD gained significant weight for the first 70 days (phase I) (from 20 to 45 gm), while 

the mice on the THFD only gained 5 gm during this period.

One clear difference in the livers between the THFD and CHFD animals on day 70 was 

the size difference of the lipid droplets measured. Figs. S1A and S1B shows Oil Red O 

staining of liver sections from the CHFD (A) and THFD mice (B). Animals on Tempol had 

significantly smaller lipid vesicles area (25 μ2) versus the lipid droplet area measured in the 

CHFD animals (>150 μ2) (Fig. S1E). In addition to the reduced i-WF measured in the THFD 

animals, the adipose cell size was also altered by Tempol (Figs. S1C and D). The adipose 

cell area measured for the Tempol animals was approximately 35% reduced compared to the 

CHFD animals (Fig. S1F). Overall, the adipose cell structure observed in the THFD animals 

was very similar to that found in the CHFD animals except that the size was reduced.

Starting at day 70 (phase I) RNA was isolated from the livers of both groups of mice (CHFD 

and THFD) and the diets were switched so that mice on the CHFD diet were switched to the 

THFD diet and the reverse for the mice on the THFD diet. On day 85 of the switched diets 

the animals in both groups had similar weights (phase II) and thus RNA was isolated from 

livers for microarray analysis. The mice were continued to be followed for an additional 34 

days and the experiment was terminated, and livers isolated for microarray analysis (phase 

III). Fig. 1B shows the changes in the inguinal white fat adipose tissue (i-WF) isolated at 3 

different time points (70, 77, and 94 days). The mice maintained on the CHFD for the full 

94 days had significant i-WF (6.5 gm) which remained constant from day 70 to day 94. Mice 

on the THFD diet had the least i-WF (<1.5 gm) which increased rapidly when the diets were 

switched to CHFD, such that by day 94 the i-WF was around 5 gm (233% change). The 

CHFD mice went from 6.2 gm to 4.5 gm (day 85) to 3 gm at day 94 when switched to the 

THFD diet. White fat from mice on the CD diet averaged about 2.2 gm from day 70 to day 

94.

The liver showed similar changes as did the weights and i-WF when diets were switched 

(Fig. 1C). Unlike the i-WF the changes were more modest (1.2 gm to 1.6 gm ~33% 

difference), but an increase was seen when changing from the THFD to CHFD and a similar 

decrease was observed for the CHFD to THFD.

3.2. Liver and adipose tissue genes are regulated by tempol

At days 70, 85, and 119 animals were euthanized, and RNA isolated from livers for 

microarray analysis. Fig. 2 shows the results from the combined time points with the 

CHFD group on the left (CHFD-D70 (I), THFD-CHFD-D85 (II), and THFD-CHFD-D119 

(III)) and the THFD group on the right (THFD-D70 (I), CHFD-THFD-D85(II), and CHFD-

THFD-D119 (III)). There were some 598 annotated genes selected which were at least 

2.5-fold up or down and used for hierarchical clustering (Fig. 2). It was clear that large 

clusters of genes were downregulated in the CHFD group. It is important to note that there 
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were 2 key differences when comparing CHFD versus THFD at day 70: 1) the presence of 

Tempol in the THFD group and 2) the large difference in the adipose tissue present in CHFD 

vs THFD (6.5 vs 1.5 grams, respectively). Several, smaller clusters of genes of interest 

were identified. Cluster A includes genes involved in fatty acid synthesis (Fasn, Elovl6, and 

Me1) while the other clusters (B-D) included genes known to control appetite and fatty acid 

uptake and synthesis/oxidation (Lipocalin-2, Vanin1, Hadha, Hadhb, and Hsdl2) [31–34]. 

The most interesting changes occurred when the diets were switched (CHFD-THFD-D85 

(II) and THFD-CHFD-D85 (II)) since at this point the weights of the animal (and the i-WF) 

were very close in both groups (35 grams, Fig. 1A, B). Table S1 shows the genes which 

underwent the greatest changes when comparing the CHFD-THFD-D85 (II) group to the 

THFD-CHFD-D85 (II) group. It was found that the genes involved in FA synthesis (Fasn, 
Me1, and Evovl6) were rapidly increased in the group which was switched from THFD to 

CHFD while the opposite happened in the CHFD to THFD. Conversely, a gene involved 

in appetite suppression (Lipocalin-2) was up-regulated in the THFD group as well as other 

genes involved in FA β-oxidation (Vanin1 and Hadha). Overall, it appears that the rapid loss 

of weight and adipose tissue after switching to a Tempol diet occurs because of an increase 

in FA β-oxidation, while in the group switched to the CHFD the liver gene profile showed an 

activation of FA synthesis.

More targeted gene array studies were carried out on adipose tissue measuring multiple 

genes involved in FA oxidation (Fig. 3). It was found that at day 70 in the THFD group 

versus the CHFD group, a group of adipose tissue genes involved in FA β-oxidation were 

up-regulated, mostly around 3 to 5 fold, but two genes were sharply increased by 10 to 15 

fold (Acsm3 and Acsm5). In addition, when these same genes were found on the microarray 

chip used in the liver gene analyses, that data were also included in Fig. 3. There was a good 

correlation between the up-regulation of FA β-oxidation genes in the adipose tissue with the 

same genes found in the liver.

3.3. Obesity related proteins are modulated by tempol

ALDH1A1 and truncated FIAF proteins, both involved with fat metabolism [35–42], were 

detected in adipose tissue after 30 days on the HFD by western blotting and quantitated (Fig. 

4A and B). Fig. 4A shows that with THFD ALDH1A1 was significantly reduced by 80% 

compared to the day 30 CHFD animals (p-value < 0.01). The truncated FIAF protein levels 

in adipose tissue were also measured, and unlike the ALDH1A1, was increased in the THFD 

group by 710% compared to the day 30 CHFD group (p-value < 0.01) (Fig. 4B).

3.4. Bile acids in the liver and serum are altered by tempol

It was clear that Tempol was exerting a significant impact on processes that increased FA 

oxidation and the storage and utilization of FA by the mice in both the liver and adipose 

tissue. One group of compounds which are known to strongly affect both these pathways 

are the bile acid/salts – the primary bile acids produced by the liver (cholic acid (CA) and 

chenodeoxycholic acid (CDCA)) and also the secondary bile acids which are produced by 

the gut microbiome (deoxycholic acid (DCA) and lithocholic acid (LCA) [19,21,22]. Fig. 

5A and B shows the measurement of different bile acid/salts in liver and serum from mice on 

either CHFD or THFD after 70 days.
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There was a significant increase in DCA, CA and GCA (glycine conjugated CA) in the 

liver of the THFD animals (60, 5 and 3-fold, respectively, p<0.05) (Fig. 5A). Other bile 

compounds were not significantly increased including tauromuricholic acid (α+β) (TMCA 

(α+β)) which, in an absolute sense, was the highest measured bile acid (BA) present in liver 

(72 μg/kg). The serum also showed similar elevations of the BA’s measured, although the 

levels in 4 of 7 BAs were significantly lower than found in the liver (Fig. 5B). Overall, the 

data suggested that Tempol was having a significant effect on BAs in the liver and DCA was 

the most impacted by Tempol (Fig. 5A).

3.5. Tempol alters the gut microbiome

Since a secondary bile acid, DCA, a gut microbiome produced compound, was significantly 

influenced by Tempol we decided to investigate the effect of Tempol on the gut microbiome 

after 3 weeks on CHFD, 3 weeks on THFD, or 3 weeks or 6 weeks on a conventional 

plant-based diet (CD) (see schema in Fig. S2). The animals were all maintained on the CD 

diet for 3 weeks (3wkCD) and then switched to CHFD, THFD, or maintained for 3 more 

weeks on the CD diet. In addition to the different diets, 4 more groups were also treated with 

a cocktail of three different antibiotics for 3 weeks using a CD diet and then switched to the 

CHFD, THFD or maintained on the CD diet so that 3 of the diet groups had been exposed 

to 6 weeks of antibiotics (CD, CHFD, and THFD). At the end of the time on each diet, the 

cecum content from each animal was isolated for ribosomal 16S rRNA pyrosequencing and 

the microbial DNA extracted and quantitated. Fig. 6A shows the total 16S rRNA pool for the 

4 diet conditions.

As expected, the CD 3 weeks and 6 weeks were very similar while the CHFD diet led to 

an expansion of the bacterial pool (1.9-fold versus CD). The addition of Tempol (THFD) 

further increased the bacterial pool significantly (2.75-fold compared to CD). Antibiotic 

treatment for 3 weeks prior to any diet change and for an additional of 3 weeks post diet 

change reduced the total 16S rRNA pool by over 80% in the 3 weeks and 6 weeks CD 

group and by over 84% in the CHFD and THFD group (Fig 6A and Table S2). During the 

treatment with the antibiotic cocktail the change in weights of the mice in the different diet 

groups was determined over the last 3 weeks period (Fig. S3). Fig. S3 clearly shows that 

although there were substantial decreases in the total bacterial loads for all diet groups there 

was no change in weight increases for animals on the CHFD diet and furthermore, Tempol 

was still capable of preventing this weight increase. Bacterial composition was initially 

examined by the effect of diet on the OTU abundances of the 7 phylum level categories (Fig. 

6B).

The CD 3 weeks and 6 weeks group had very similar phylum groupings with only small 

changes in the Firmicutes and Bacteroidetes ratios. The CHFD had significant effects on 

many of the phylum categories with Firmicutes being much reduced while Verrucomicrobia, 

Proteobacteria, and Deferribacteres groups increased substantially compared to the CD diet 

(130, 2.9, and 2.2-fold, respectively). Changes in the Proteobacteria and Deferribactres 

groups were also increased using THFD (7.8 and 1.8-fold, respectively) but with the 

Verrucomicrobia showing much greater increased compared to the CD diet (374-fold). 

Using the antibiotic cocktail significantly changed the phylum distributions with the CD 
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and CHFD having similar distributions, while the THFD diet mice, still had elevated 

Verrucomicrobia and Proteobacteria when compared to the AbCD group (36 and 2-fold, 

respectively) (Fig. 6B). The increase in Verrucomicrobia seen in the CHFD group (130-fold) 

was completely lost with the addition of the antibiotics to both the CHFD and CD groups.

Over 170 species from the OTU’s were identified using the 3 diets (CHFD, THFD, and CD) 

and various Shannon diversity indexes were calculated and shown in Figs. S4A–C. The CD 

diet was used as the baseline gut microbiome set and had the greatest Shannon evenness 

or richness index. The CHFD diet substantially decreased all 3 indexes with regards to 

the CD diet. Tempol acted to prevent the large decreases in these indexes caused by the 

CHFD (although not completely). With the addition of antibiotic treatment all 3 indexes 

were similar across the diets used (Figs. S4D–F).

Fig. S5 shows the principal component (PCA) map of 100 species identified for the 4 

different diet groups. It was possible to readily separate the 3 diet groups into distinct 

clusters while the 3wkCD and CD group clustered very close together (Fig. S5A). However, 

when antibiotics were included in the diet it was seen that 3 of the groups were quite similar 

(3wkCD, CD and CHFD), while the Tempol group still segregated from the other 3 groups 

(Fig. S5B).

Out of 170 species identified by the 16S rRNA sequencing study 50 species were selected 

which were altered by 5-fold (p<0.001) in any of the high fat diet groups studied 

(antibiotics included) and used to hierarchically cluster these species to find the influence 

that Tempol had on specific gut bacteria (Fig. S6). First, the influence of the HFD is 

apparent in both the CHFD and THFD groups. Second, there was a distinct group of 

species which was negatively impacted by CHFD (box II) but protected by the inclusion 

of Tempol (THFD). These species included Lactobacillus intestinalis, Lactobacillus reuteri, 
Clostridium symbiosum, and Clostridium hathewayi. A small group of bacteria which was 

elevated by the CHFD diet was further increased with Tempol (Akkermansia muciniphila, 
Kopriimonas spp., and Bilophila wadsworthia) (box I). Finally, the antibiotic groups 

demonstrate that most species were strongly decreased by the cocktail of antibiotics (Table 

S2); however, here again, Tempol did moderate the reduction of several species after 3 

weeks of antibiotic treatment.

The overall observation is that the HFD dominated the gut microbiome response and 

that Tempol amplified increases in certain phyla (Verrucomicrobia and Proteobacteria), 

while protecting or at least mitigating the loss of other genera such as Clostidrium and 

Lactobacillus. Fig. 7A examines the relationship between THFD and CHFD diet using the 

CD group as the gut microbial reference set.

Since a HFD was used in both groups there was a high degree of correlation between the 2 

groups; however, the high fat component could only account for some 72% of the variability 

(R2 = 72.4%). Clearly, Tempol increased some species above that modulated by the CHFD 

diet (Akkermansia muciniphila ratio was 374 vs 130 with CHFD), while in a few cases 

Tempol alone had a substantial effect while high fat alone did not (Bilophila wadsworthia 
ratio was increased 27-fold with THFD vs 1.0 for the CHFD diet). Overall, out of 78 species 
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with greater than 10 counts, Tempol increased 40 species by greater than 2-fold, caused 

minimal changes in 20 species, and decreased 18 species by 2-fold or more. When species 

data from the antibiotic cocktail was plotted, the effect of Tempol was still evident but now 

there was almost no correlation (R2 = 2.2%) with the high fat component (Fig. 7B). Hence, 

even while the bacterial numbers were substantially decreased, Tempol still influenced the 

overall species composition and the weight gain compared with the high fat diet (Fig. S3).

Fig. 8 shows a hierarchal cluster map in all 29 animals for the CHFD and THFD diet 

groups of 27 of the most altered species caused by Tempol consumption. Genus such 

as Akkermansia, Kopriimonas, and Bilophila were increased by Tempol compared to the 

HFD alone (21.9% vs 8.1%, 2.1% vs 0.41%, and 1.8% vs 0.07%, respectively) while 

Tempol protected Lactobacillius from the decrease observed with CHFD diet (2% vs 0.02%, 

respectively).

Fig. S7B (A, B) shows the results for the abundance of the Lactobacillus (Fig. S7A) and 

Clostridium cluster IV (Fig. S7B). It was found that the high fat diet substantially reduced 

these genera while the addition of Tempol provided some protection from these decreases. 

Figs. S8A–G shows the 4 diet groups (CHFD, AbCHFD, THFD, and AbTHFD) and the 

effect that Tempol had moderating both the effect of the HFD and antibiotics on individual 

species.

3.6. Tempol restricts weight gain in ovariectomized mice

To examine what role estrogen might play in influencing the weight effects by Tempol, we 

used ovariectomized mice (which lacked normal physiological levels of estrogen [43]) and 

placed them on a CD or Tempol-TCD (10 mg/kg) diet. Figure 9S shows the weights of the 

2 groups over a 15 week period. It was observed that in the TCD fed ovariectomized mice 

the weight gain was lower over the 15 weeks treatment duration as compared to the CD fed 

ovariectomized mice.

4. Discussion

The beneficial effects of the nitroxide Tempol are well documented. Tempol has been 

shown to be a potent radical scavenger and has biologically relevant effects on limiting 

the deleterious mutations caused by carcinogens [44], providing radiation protection [8], 

reducing oxidative stress [12–14], and imparting favorable therapeutic outcomes in a variety 

of animal models of diseases [45–53].

This study focused on potential mechanism(s) of obesity prevention by Tempol in female 

C3H mice fed a HF diet. Previously, we carried out in vitro studies with Tempol in 3T3-L1 

cells and showed that Tempol reduced differentiation of the 3T3-L1 cells to adipose cells 

and inhibited lipid storage and adipogenesis factors [54]. These 3T3-L1 changes were only 

observed when using concentrations of Tempol >0.5 mM and, once the 3T3-L1 cells had 

formed lipid vesicles, even these high concentrations were unable to reduce the size of the 

lipid vesicles [54]. Kim et al. also showed that, in vivo, Tempol had profound effects on both 

the weight and inflammatory cytokine profile of ApoE −/− female mice (17). Both these 
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studies showed that Tempol had significant effects on adipose tissue but the mechanism may 

involve direct as well as secondary effects of Tempol on metabolic systems.

It has been established that the gut microflora has profound effects on obesity in mice 

and humans [18,55]. Previous work has investigated the effect of Tempol administered 

both for 5 days by gavage [19] and for longer than 30 days when added to the drinking 

water [16]. Both CD and HFDs have been studied [19]. A major difference between this 

study and previous reports is the use of female C3H/Hen mice compared to the use of 

male C57BL/6N or C57BL/6J mice [19–22]. One of the mechanisms outlined regarding the 

anti-obesity effect of Tempol centered on the effect of Tempol on the gut microflora which 

in turn altered the synthesis and secretion of certain conjugated bile acids [19]. Li et al. 

[19] showed that the genus Lactobacillus and Clostridium were greatly reduced by Tempol 

consumption leading to a reduction in BA hydrolases, which in turn led to an increase in 

the conjugated BAs TMCA-α and TMCA-β. These BAs were shown to be FXR antagonists, 

which according to these authors, led to an enhancement of fatty acid oxidation and adipose 

tissue reduction. While this mechanism may be important in male mice, the results in the 

current study suggest a different group of bile acids may be responsible for the anti-obesity 

effect of Tempol seen in female mice.

First, we observed in C3H mice that 10 mg/kg Tempol in the HFD results in significantly 

lower body weight gain, and a significant reduction of adipose tissue. Second, the transition 

period after switching diets was marked by rapid changes in genes involved in fatty acid 

synthesis and oxidation both in the liver and adipose tissue directly (Figs. 2 and 3). Tempol 

also altered several proteins known to be important in lean phenotypes (ALDH1A1) [56] 

and FIAF [41]. The role of ALDH1A1in obesity has been widely documented [36–38,57–

59]. ALDH1A1 is a key protein involved in retinoic acid synthesis in white fat and 1) 

suppression leads to decreased obesity and a positive metabolic outcome while, 2) HFD 

up-regulates it [36,38]. The adipokine FIAF is a member of fibrinogen/angiopoietin-like 

proteins and is a lipoprotein lipase inhibitor [60,61]. It is abundantly present in adipose 

tissue. FIAF inhibits the activity of Lpl (Lipoprotein lipase), a regulatory enzyme that 

enhances the absorption of fatty acids and the build-up of adipocyte triglycerides [41]. 

Hence, an increase in FIAF would be expected to reduce the size of the adipose cells. 

Finally, plasma FIAF has been reported to be downregulated by chronic HFD feeding [62]. 

Our observations that THFD decreased ALDH1A (Fig. 4A) and increased FIAF (Fig. 4B) 

are consistent with the reduction in adipose tissue and therefore a reduction in the overall 

obesity. Given the importance of BAs reported in other mouse models treated with Tempol, 

we examined the profiles of BAs in the livers and serum of the THFD versus the CHFD 

mice (Fig. 5A and B). Unlike the previous report [19], we did not find significant differences 

in TMCA (α+β), but found differences in the primary bile acid cholic acid (CA) and the 

secondary bile acid deoxycholic acid (DCA) (Fig. 5A and B). CA is of interest since when 

it was incorporated into the HFD food and fed long term to male C57BL/6J mice the 

weight profiles observed were very similar to our Tempol effect (both before and after the 

diet switching) (Fig. 1A) [63]. Interestingly, Li et al. also noted an increase in CA in the 

intestine after Tempol administration [19]. In addition, DCA in particular, suggested a strong 

involvement of the gut microbiome (since conjugated bile acids produced by the liver must 

first be deconjugated before the dihydroxylation step to produce DCA [64]). Therefore, a 
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major part of this study involved a mapping of the effect of Tempol on the composition of 

the gut microbiome in female C3H mice.

CHFD diet induced large and significant changes in the gut microbiome as seen at the 

phylum level in female C3H mice (Fig. 6B). Similar to a previous report [65] the CHFD 

diet had large effects on the Proteobacteria and Verrucomicrobia phylum at the expense 

of the Firmicutes phylum (Fig. 6B). The only species in Verrucomicrobia is Akkermansia 
muciniphila and this species came to represent 8.3% of the total species detected in the 

CHFD group (Table S3). Although Akkermansia is associated with lean phenotypes and 

obesity prevention [66], others have also noted that a HFD can result in its increase 

[65,67,68]. One possibility was the level of unsaturated fatty acids in our high fat diet 

(12% of the fats used (Table S4)). The addition of Tempol to the HFD led to a remarkable 

expansion of the Akkermansia such that it accounted for some 23% of the species abundance 

(Table S3). The CHFD diet also led to a significant reduction in the Lactobacillus genus and 

the Clostridium cluster IV group (Figs. S7A and B) similar to a finding by Rodríguez-García 

et al. [68]. An important observation was that Tempol moderated the toxicity of the HFD 

on the Lactobacillus species (by some 5-fold) (Fig. S7A). Thus, in contrast to the earlier 

results by Li et al. [19] Tempol administration to female C3H mice was not toxic to the 

Lactobacillus genus. A regression of the species altered by the THFD against the species 

in the CHFD demonstrated the strong influence that the HFD had on both groups as some 

72% of the variation could be assigned to the high fat variable, but this left some 28% of 

the variation in which Tempol certainly had a strong influence (Fig. 7A). Three species were 

strongly altered by Tempol, Akkermansia muciniphilia, Kopriimonas spp, and Bilophila 
wadsworthia. In fact, since the CHFD had no effect on Bilophila wadsworthia, the increase 

must have been due to Tempol alone. Others have shown HFDs increase Bilophila, which 

may account for an increase in inflammatory conditions noted [69]. Tempol, as reported, 

is a highly effective cyclic antioxidant, thus it may act to reduce some of the undesirable 

side effects of an expansion of the Bilophila genus. We also found a very interesting 

association between Akkermansia muciniphila and the secondary bile acid DCA. It has 

been reported that DCA increases the growth of Akkermansia muciniphila and helps in its 

survival in the gut [70]. In our experiments, DCA in Tempol treated animals was found to be 

substantially increased. This increase in DCA may be an important cause of the expansion 

of Akkermansia when Tempol is present. In addition, DCA is a high affinity ligand for 

FXR and can activate it for both increases in fatty acid oxidation and metabolism as well 

to act as an immunoregulator capable of reducing various inflammatory cytokines, thus 

acting to inhibit IBD (inflammatory bowel disease) [71]. Thus, the combination of a direct 

antioxidant and the up-regulation of proteins known to control inflammation would be a 

powerful overall inflammation suppressor.

The cocktail of antibiotics significantly altered the gut microflora, yet Tempol still reduced 

the weights while the CHFD mice continued to become obese (Fig. S3). In contrast, amongst 

the three diet groups, the treatment with the antibiotics equalized all three Shannon diversity 

indexes (Figs. S4D–F). Even under these conditions where the HFD effect on the gut 

microbiome was greatly reduced, there were still species changed by Tempol (Akkermansia, 
Kopriimonas, and Bilophila). It is possible that Tempol reduced the efficacy of one of the 

antibiotics used in this study; however, it should be stressed that a majority of species 
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studied which received the Tempol diet still had a positive antibiotic effect (defined as 

reducing the total counts of bacteria measured in the diet versus the counts for the diet + 

antibiotics) (Table S2).

Since female mice were used in this study it seemed appropriate to determine whether 

estrogen played a role in the significant weight alterations seen in Tempol fed female 

mice. Estrogen has been reported to interact and activate the trifunctional hydroxyacyl CoA 

dehydrogenase b subunit (Hadhb) which is involved in fatty acid oxidation by mitochondria 

[72,73]. Hadhb was identified as one of the genes up-regulated when obese C3H mice were 

switched to the Tempol diet (Table S1). From Fig. S9 it appears that the normal level of 

estrogen is not necessary for the Tempol weight effect as the weight gain in ovariectomized 

mice was reduced by Tempol. Thus, our results in female C3H mice agree with Li et al. [19] 

in that Tempol acts to prevent adipose tissue expansion primarily at the gut microflora level 

and may not directly affect metabolic processes in the liver or adipose tissue. Also, similar to 

what Gonzalez et al. reported, Tempol increased fatty acid β oxidation in the liver [21].

Studies from our laboratory have shown that feeding female C3H mice low dose Tempol 

in a carbohydrate-based chow over the entire lifespan was not toxic to these mice nor 

changed chow consumption rate [16]. Indeed, Tempol did act to reduce the incidence of 

lymphomas after non-lethal whole body radiation exposure [23]. Whether Tempol in HFD is 

also not toxic over a long time period was not studied in this report. However, it is possible 

that in addition to its effect on the gut microbiome its strong antioxidant properties may 

prove beneficial in limiting any deleterious effects caused by alterations in the microbial 

composition. Additional studies should be carried out to determine if the Tempol effect on 

bile acids may explain some of the anti-carcinogenesis effects observed in female C3H mice 

after whole body XRT.

5. Conclusions

Based on our observations, obesity related changes with Tempol were dependent on 

significant alterations to the gut microbiome. Tempol also altered the bile acid profile 

increasing specific bile acids (CA and DCA) known to have significant impact on genes 

involved in fatty acid oxidation and in proteins associated with fatty acid accumulation 

and metabolism. Ultimately, these changes resulted in the reduction of adipose tissue and 

obesity. Although Tempol had a significant effect in female mice, the role of estrogen did 

not appear to be involved with the Tempol mediated effects. Further studies should be done 

to identify which specific bacterial specie(s) are responsible for the Tempol effect on adipose 

tissue and whether this effect is gender and strain dependent.
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Abbreviations

AbCD Control diet with antibiotics

AbCHFD Control high fat diet with antibiotics

AbTHFD Tempol high fat diet with antibiotics

ACSM3 Acyl-CoA Synthetase Medium Chain Family Member 3

ACSM5 Acyl-CoA Synthetase Medium Chain Family Member 5

ALDH1A1 Aldehyde dehydrogenase1A1

BA Bile acid

CA Cholic acid

CD Control diet

CDCA Chenodeoxycholic acid

CHFD Control high fat diet

DCA Deoxycholic acid

Elovl6 Elongation of long chain fatty acids

FA Fatty acid

FASN Fatty acid synthase

FIAF/ANGPTL4 Fasting induced adipose factor/angiopoietin-like protein 4

FXR Farnesoid X receptor

HADHA Hydroxyacyl-CoA dehydrogenase subunit alpha

HADHB Hydroxyacyl-CoA dehydrogenase subunit beta

HFD High fat diet

i-WF Inguinal white fat

LCA Lithocholic acid

LCN2 Lipocalin 2

Me1 Malic enzyme 1

THFD Tempol high fat diet

TMCA Tauromuricholic acid
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Fig. 1. Tempol mitigates weight gain in HFD fed mice.
A) Mice fed CHFD chow gain more weight than those fed THFD. When the diets are 

switched the weights are also reversed. B) The weight of the inguinal white fat and C) 

weight of liver follows the same trend as the total body weight.
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Fig. 2. Liver genes are modulated by Tempol.
Heat map of 598 features altered by 2.5-fold at one-way ANOVA p < 0.01. Mean centered 

logarithmic expression ratios are shown in the heat map. Features were clustered by average 

linkage algorithm using 1-correlation as distance metric. CHFD – control high fat diet. 

THFD – Tempol + high fat diet. I, II, and III are the time points from Fig. 1A. I – day 70 

when the CHFD and THFD fed animal weights were 45g and 25g respectively; II – day 

85 when animals reached equal weights by switching CHFD and THFD; III – day 120, 

continuation of the respective diets until animal weights on CHFD increased to 45g.
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Fig. 3. Liver and adipose tissue fatty acid metabolism genes are regulated by Tempol.
Fold change between Tempol HFD and CHFD mice for both adipose and liver genes 

involved in fatty acid metabolism. The genes Acsm3 and Acsm5 (blue bars) are measured on 

the secondary axis to the right. * = p<0.05. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Adipose tissue proteins are influenced by Tempol.
Tempol modulates ALDH1A1 (A) and truncated FIAF (B) protein expressions in the 

adipose tissue of mice fed HFD. Adipose tissue was collected after 30 days on either a 

CHFD (C) or a THFD (T) diet. Normalized values were derived by correcting the optical 

density of each band by the corresponding loading control.
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Fig. 5. Tempol regulates bile acids in liver and serum.
Fold change in bile acids between Tempol fed C3H mice compared to control mice in liver 

and serum samples (n=3). A) Liver and B) Serum. * = p<0.05, ** = p<0.01 and ***p < 

0.001. DCA in panel A (blue bar) is measured with secondary axis to the right. GCA was 

not detected in serum. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the Web version of this article.)
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Fig. 6. Gut microbiome population is influenced by Tempol and antibiotics.
A) The total 16S RNAseq counts determined at the phylum level for control chow at 3 

weeks (3wkCD), control chow at 6 weeks (CD), high fat diet (CHFD), high fat diet + 

Tempol (THFD). The Ab groups were treated with antibiotics for either 3 or 6 weeks 

with each diet. Error bars are the SEM (N=15). B) Phylum level distribution of the top 7 

categories.
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Fig. 7. Relationship between gut microbiome population in CD, CHFD and THFD mice.
A) Scatter plot of the log ratio of THFD/CD (total counts for species from the Tempol 

+ high fat diet compared to the 6 weeks control chow) vs the log ratio for CHFD/CD 

(total counts for species on the high fat diet compared to 6 weeks control chow). B) Same 

conditions as (A) but with anti-biotics added. Dotted line is the linear regression line and 

solid lines are 2-fold up/down from the calculated regression line. Abbreviations are a: 

Anaeroplasma spp., ac: Anaerostipes caccae, am: Akkermansia muciniphila, b: Barnesiella 
spp., bw: Bilophila wadsworthia, cc: Clostridium cocleatum, ch: Clostridium hathewayi, 
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cs: Clostridium symbiosum, csm: Candidatus Stoquefichus massiliensis, ec: Escherichia 
coli, hs: Hydrogenoanaerobacterium saccharovorans, k: Kopriimonas spp., li: Lactobacillus 
intestinalis, and lm: Lactobacillus murinus, pg: Parabacteroides goldsteinii.
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Fig. 8. Most abundant gut microbiome species in CHFD and THFD mice.
Hierarchical clustering of 27 species highly abundant in CHFD and THFD (maximum 

abundance of all samples >1.0%). Clustered by average linkage algorithm using 1-

correlation as distance. Heat map shows mean centered log2 (abundance %) values.
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