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Significance

Over one billion people 
worldwide are obese. Safe, 
affordable methods for 
sustainable weight loss are 
needed to reduce the risk of 
diabetes and comorbidities. 
The gut microbiota contributes 
to regulating host metabolism. 
We report that beneficial Palmitic 
Acid Hydroxy Stearic Acid (PAHSA) 
effects on host metabolism in 
diet-induced obese mice require 
the gut microbiota. We identify 
cecal lipid metabolites that 
correlate with Bacteroides 
thetaiotaomicron (Bt) and insulin 
sensitivity in PAHSA-treated mice. 
Bt supplementation reduced 
adiposity, improved glucose 
tolerance, and fortified the gut 
barrier in female, but not male, 
diet-induced-obese mice. Thus, 
PAHSAs have therapeutic 
potential to modify the gut 
microbiota. This may be relevant 
to humans since Bt levels are low 
in humans with obesity and 
restored with bariatric surgery.
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PHYSIOLOGY

Beneficial metabolic effects of PAHSAs depend on the gut  
microbiota in diet-induced obese mice but not in chow-fed mice
Jennifer Leea,1,2 , Kerry Wellensteina,2, Ali Rahnavardb, Andrew T. Nelsonc,3, Marlena M. Holterd, Bethany P. Cummingse,f, Vladimir Yeliseyevg,  
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Dietary lipids play an essential role in regulating the function of the gut microbiota 
and gastrointestinal tract, and these luminal interactions contribute to mediating host 
metabolism. Palmitic Acid Hydroxy Stearic Acids (PAHSAs) are a family of lipids with 
antidiabetic and anti-inflammatory properties, but whether the gut microbiota contrib-
utes to their beneficial effects on host metabolism is unknown. Here, we report that 
treating chow-fed female and male germ-free (GF) mice with PAHSAs improves glucose 
tolerance, but these effects are lost upon high fat diet (HFD) feeding. However, transfer 
of feces from PAHSA-treated, but not vehicle-treated, chow-fed conventional mice 
increases insulin sensitivity in HFD-fed GF mice. Thus, the gut microbiota is necessary 
for, and can transmit, the insulin-sensitizing effects of PAHSAs in HFD-fed GF male 
mice. Analyses of the cecal metagenome and lipidome of PAHSA-treated mice identified 
multiple lipid species that associate with the gut commensal Bacteroides thetaiotaomi-
cron (Bt) and with insulin sensitivity resulting from PAHSA treatment. Supplementing 
live, and to some degree, heat-killed Bt to HFD-fed female mice prevented weight gain, 
reduced adiposity, improved glucose tolerance, fortified the colonic mucus barrier and 
reduced systemic inflammation compared to HFD-fed controls. These effects were not 
observed in HFD-fed male mice. Furthermore, ovariectomy partially reversed the ben-
eficial Bt effects on host metabolism, indicating a role for sex hormones in mediating 
the Bt probiotic effects. Altogether, these studies highlight the fact that PAHSAs can 
modulate the gut microbiota and that the microbiota is necessary for the beneficial 
metabolic effects of PAHSAs in HFD-fed mice.

gut microbiota | PAHSAs | diet-induced obesity | Bacteroides thetaiotaomicron |  
glucose metabolism

Obesity in adults has nearly tripled worldwide in the last 50 y (1), and this is associated 
with comorbidities and complications that raise long-term healthcare costs and human 
disease burden (2, 3). The gastrointestinal tract houses the gut microbiota, and its stratified 
organization of heterogeneous cell types provides both a physical barrier and immune 
protection to help regulate host metabolism (4–6). Strong evidence supports an essential 
role for the gut microbiota in the development of obesity (7–12). Obesity caused by high 
fat diets (HFD) changes gut microbial composition and increases the production of 
gram-negative bacteria-derived lipopolysaccharide (LPS), which crosses the gut mucosal 
barrier that has been rendered leaky from the HFD. This initiates the chronic low-grade 
inflammation observed in mice and in many humans with obesity (13–16). Thus, major 
efforts are focused on developing therapeutic gut-based strategies to restore gut microbiota 
composition and gut epithelial function to treat metabolic disease. However, the gut 
microbiota is highly variable in taxonomy and function between individuals, and differ-
ences in experimental design further complicate findings and interpretation of results 
across studies. Furthermore, few studies report sex-specific responses to gut microbial 
interventions, resulting in major knowledge gaps that limit the identification of optimal 
treatment strategies for women and men.

Palmitic Acid Hydroxy Stearic Acids (PAHSAs) are a family of lipids with antidiabetic 
and anti-inflammatory properties (17–21). PAHSAs were first identified from lipidomics 
analysis of white adipose tissue (WAT) from mice overexpressing the glucose transporter, 
Glut4 (AG4OX) (20). AG4OX mice despite having greater adiposity, have lower fasting 
glycemia, enhanced glucose tolerance (22, 23), and markedly elevated PAHSA levels in 
adipose tissue versus controls (20). Circulating and adipose PAHSA levels are low in 
insulin-resistant people and the levels correlate highly with insulin sensitivity in humans 
(20). PAHSA treatment regulates multiple components of glucose homeostasis, including 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jen.lee@tufts.edu
mailto:bkahn@bidmc.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2318691121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2318691121/-/DCSupplemental
mailto:
https://orcid.org/0000-0003-0071-1438
mailto:
https://orcid.org/0000-0002-4027-0000
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2318691121&domain=pdf&date_stamp=2024-7-3


2 of 12   https://doi.org/10.1073/pnas.2318691121� pnas.org

augmenting glucose-stimulated insulin secretion through the 
G-protein coupled receptor GPR40 in insulin-resistant aged 
chow-fed mice and in human islets (19), and enhancing insulin 
action on hepatic glucose production in diet-induced obese mice 
(21). PAHSAs also have direct effects in the gastrointestinal tract. 
Daily PAHSA treatment delayed the onset and reduced the sever-
ity of dextran sodium sulfate-induced colitis in mice by modulat-
ing innate immune responses and attenuating inflammation (18). 
Evidence that PAHSAs protect the gut from inflammatory injury 
along with their beneficial effects on glucose metabolism led us 
to posit that PAHSAs may alter the gut microbiota in a manner 
that contributes to their beneficial metabolic effects in 
diet-induced-obese mice.

In this study, we report that the gut microbiota is essential for, 
and can transmit, some of the beneficial metabolic effects of PAHSA 
treatment in male HFD-fed mice. Functional profiling of the cecal 
metagenome and metabolome from PAHSA-treated chow-fed mice 
revealed that specific bacterial species including Bacteroides thetaio-
taomicron (Bt) and unique signatures of lipid metabolites are altered 
with PAHSA treatment. Subsequent studies in diet-induced-obese 
mice demonstrate sex-specific responses to Bt supplementation 
resulting in distinct effects on mucus-producing Goblet cells that 
line the gut epithelium, intestinal immune phenotypes, and host 
metabolism. These studies further elucidate the mechanism of action 
of PAHSAs. They also demonstrate the therapeutic utility of mod-
ulating the gut microbiota for the prevention and treatment of 
obesity and associated metabolic disease and highlight the major 
role of sex as a biological variable when studying host–microbiome 
interactions.

Materials and Methods

Animals. Gnotobiotic (GF) C57BL/6J mice from the Massachusetts Host-
Microbiome Center (Brigham and Women’s Hospital, BWH) were used as indi-
cated. 4- to 6-wk-old GF mice were cohoused 3 to 5 mice/cage in Optimice cages 
[for fecal microbiota transplantation (FMT) studies] or in gnotobiotic isolators. 
4- to 5-wk-old C57BL/6J conventional male mice (Jackson Labs, 000664) were 
acclimated for 1 wk prior to starting PAHSA treatment. These mice were main-
tained in a specific pathogen-free barrier facility with a standard 12:12 light:dark 
cycle at Beth Israel Deaconess Medical Center (BIDMC). In Bt supplementation 
studies, C57BL/6J conventional male and female mice were bred in-house and 
singly caged (BIDMC). Bt supplementation started at 24 wk of age in chow-fed 
conventional mice and at 36 wk of age in HFD-fed conventional mice. Fecal pel-
lets were collected from GF mice at baseline and serially sampled throughout 
treatment intervention to ensure gnotobiotic status by microbial plate culture 
and PCR (SI Appendix, Fig. S2 C and D) in mice. GF, conventional, and ovariec-
tomized (OVX) mice were fed HFD for 12 wk prior to starting treatments. OVX 
surgeries were performed as described in ref. 24 in mixed genetic background 
(C57BL/6J and FVB) female conventional mice on the HFD. All experiments were 
conducted in accordance with and approved by the Institutional Animal Care and 
Use Committees of BWH and BIDMC.

Chronic Treatments in Experimental Mice.
PAHSAs. 4- to 5-wk-old conventional chow-fed male C57BL/6J mice (Jackson 
Labs) were singly housed and gavaged with either vehicle (50% PEG400: 0.5% 
Tween-80: 49.5% water) or 5- and 9- PAHSAs (15 mg/kg BW of each in vehicle; 
synthesized by the UC San Diego Center for Compound Resources) once daily for 
21 d. Animals were terminated on day 21 after 6 h of refeeding following an over-
night fast, and tissues were collected. Fecal pellets were collected for FMT studies. 
Serum and plasma (baseline and terminal time points) and cecal contents were 
collected for metabolomics and metagenomics analyses. Six- to eight-wk-old GF 
male and female C57BL/6J mice were cohoused 3 to 5 mice/cage in gnotobiotic 
isolation chambers at BWH. Mice were gavaged once daily with vehicle or 5- and 
9- PAHSAs (chow dose same as above, HFD dose 45 mg/kg BW of each in vehicle). 
Untreated GF control HFD-fed mice did not receive any treatment.

Bt VPI-5482. Twenty-wk-old conventional C57BL/6J male and female mice fed 
chow or HFD were treated with Bt inoculum. Chow mice were gavaged 3 times/
week and HFD-fed mice received daily gavage. Live Bt was administered at a 
dose of 2 × 109CFU/100µL PBS. Heat-killed Bt treatment was generated from 
the same stock of live Bt and heat-treated at 121 °C for 15 min. All inoculums 
were prepared under anaerobic conditions.

Microbiota Data Analysis and Functional Profiling. To ensure read quality, 
raw reads were assessed using FastQC and MultiQC, and host reads with low 
quality ends (Phred scores < 28) were filtered using Kneaddata quality control 
software (25) for automatic adapter detection, trimming low-quality read bases, 
and removing host (mouse genome) reads prior to downstream analyses. The 
quality-controlled cleaned reads were then categorized for relative abundance 
using MetaPhlAn embedded in HUMAnN (26), where they were mapped against 
microbial marker genes for microbial species and genes for pathway profiling. In 
Fig. 1D, operational taxonomic units (OTUs) were assigned to sequences above 
300 bp with 97 to 99% identity after removal of singleton sequences clustering 
at 1% divergence and taxonomically classified using BLASTn against the NCBI 
reference genome database. OTUs were compiled by taxonomic level as a rela-
tive abundance matrix (genus). Functional profiling of these reads was used for 
multiomics Spearman correlation analysis with the metabolites from the same 
cecal sample. For data in Fig. 1G, we performed microbial species profiling from 
metagenomics shotgun reads using MetaPhlAN2 embedded in the HUMAnN2 
pipeline (26). DADA2 was used to analyze 16S sequencing reads at the amplicon 
sequence variant (ASV) level (27).

Multiomics Correlation Analysis. Correlations between microbial species 
abundance and metabolite intensities were assessed using the “btest” Python 
package (28) (SI Appendix, Supplemental Methods). Within btest, the P-value 
and correlation are determined using the Spearman correlation test. Adjustments 
for multiple testing were made using the Benjamini–Hochberg false discovery 
rate and differences considered significant at P ≤ 0.05 unless otherwise noted.

Results

PAHSA Treatment in Mice Increases Insulin Sensitivity and 
Alters the Gut Microbiota and Plasma and Cecal Metabolomes. 
To determine the effects of PAHSA treatment on gut microbiota 
function and community composition, we measured the cecal and 
plasma metabolomes and cecal microbiome in conventional chow-fed 
mice (Fig. 1A). Consistent with previous reports, PAHSA treatment 
had no effect on body weight (19, 21) (Fig. 1B) but improved insulin 
sensitivity as early as 13 d of treatment (Fig. 1C). Microbiota analyses 
of cecal contents showed comparable abundance levels for most genera 
between vehicle and PAHSA-treated mice. An exception is Bacteroides, 
the most abundant genera, which increased with PAHSA treatment 
(Fig. 1D). PAHSAs had major effects on plasma lipid metabolite 
levels (Fig.  1E and SI  Appendix, Fig.  S1A) including increasing 
circulating levels of 8 cholesterol ester (CE) species and lowering levels 
of 85 plasma lipid metabolites compared to controls (SI Appendix, 
Fig. S1A). Sixty-nine of these species were triacylglycerols (TAGs), 
10 DAGs (diacylglycerides), 3 PEs (phosphatidylethanolamine), and 
2 PCs (phosphatidylcholine) (SI Appendix, Fig. S1A). In the cecum, 
113 lipid species increased with PAHSA treatment versus control 
mice (SI Appendix, Fig. S1B) including 17 PCs, 8 PEs, 41 TAGs, 30 
NH4-TAGs, and 9 plasmalogens (SI Appendix, Fig. S1B).

Thirty-five of these lipids were changed in both plasma and 
cecum, with levels in plasma being lower and levels in the cecum 
being higher in PAHSA-treated mice compared to controls (Fig. 1 
E and F). These included C34:0 PC, two PEs, C38:4 DAG, 
nineteen TAGs, and twelve NH4-TAGS. Among them, five spe-
cies highlighted in red boxes are differentially regulated by 
PAHSAs in both plasma and cecal contents and correlated with 
abundance levels of Bt, Parasutterella excrementihominis (Pe), and 
Akkermansia muciniphila (Am, Fig. 1G). Also, three plasma TAGs 
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Fig. 1.   PAHSA treatment in mice increases insulin sensitivity and alters the gut microbiota and plasma and cecal metabolomes. (A) Experimental design in which 
conventional chow-fed male mice were treated once daily with oral vehicle or PAHSAs. Effects of treatment on (B) body weight, (C) insulin sensitivity after 13 d 
of treatment, with area under the curve (AUC) (*P < 0.05 PAHSA versus VEH). (D) Stacked bar graph of gut microbiota abundance at the genus level in vehicle 
and PAHSA-treated mice, and bar graph of abundance levels of Bacteroides (genus), (*P < 0.05 PAHSA versus VEH). Heatmaps of abundance levels of (E) plasma 
metabolites and (F) cecal metabolites from vehicle and PAHSA-treated mice. Each column represents one mouse, *P < 0.05 PAHSA versus VEH. (G) Heatmap 
showing that Bt strongly associates with a subset of cecal lipid metabolites from PAHSA-treated mice. (H) Correlations of Bt with C34:2 PE and C32:1 PE, and Am with 
C34:2 PE. (I) Correlations of ITT AUC with C58:11 TAG and C60:12 TAG. n = 12/group. Statistical analyses: (C and F) Repeated-measures two-way ANOVA followed 
by Tukey’s post hoc test and Student’s t test. (H) btest using data in (E and F). (I) Spearman correlation using data in (C) and (E). (H and I) Spearman correlation to 
calculate r- and P-values (B–D), and the bar graphs in (D) and (F) show means ± SEM. In (E and F), red boxes indicate PAHSA-regulated metabolites in both plasma 
and cecal contents, although sometimes in the opposite direction, from the same experimental mice, and are also found in the lipidomics signature in (G). Blue 
boxes in (E and F) indicate PAHSA-regulated metabolites which are changed in the same experimental mice in either plasma or cecal contents but not in both; 
these metabolites are in the lipidomics signature in (G). In (G), red asterisks indicate the 11 cecal metabolites from (F) that are increased with PAHSA treatment, 
green boxes indicate metabolites that positively correlate with Bt abundance levels in (H), and purple boxes indicate metabolites that positively correlate with 
ITT AUC of PAHSA-treated mice in (I).
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(Fig. 1E) and six cecal lipids (C32:1 PE and five TAGs) (Fig. 1F) 
highlighted in the blue boxes were differentially regulated by 
PAHSAs and were also associated with the same gut microbial 
species (Bt, Pe, Am) (Fig. 1G).

To understand how PAHSAs affect gut microbiota function, we 
tested for correlations between gut microbiota abundance and cecal 
metabolite levels in PAHSA-treated mice (26). Co-occurrence 
between microbiota abundance levels and metabolite levels was 
measured by the Spearman correlation test to validate 
microbe-metabolite associations. These analyses identified 24 lipid 
metabolites (two PEs, two DAGs, and 20 TAGs) with significant 
positive correlations with three microbial species in PAHSA-treated 
mice: Bt (positive), Pe (negative), and Am (negative) (Fig. 1G). 
Among the 24 cecal metabolites, 23 correlated significantly with 
Bt. For example, C32:1PE was one of 11 cecal lipid species that was 
increased with PAHSA treatment (Fig. 1F) and positively correlated 
with Bt abundance (Fig. 1H). Similarly, C34:2PE correlated posi-
tively with Bt and negatively with Am levels (Fig. 1H). Furthermore, 
within the subset of 24 cecal lipid metabolites (Fig. 1G), two 
(C58:11 TAG, C60:12 TAG) positively correlated with the ITT 
AUC of chow-fed mice. These data indicate that some lipids that 
are associated with Bt (Fig. 1G) may contribute to the enhanced 
insulin sensitivity from PAHSA treatment (Fig. 1I). Overall, 
PAHSAs have specific effects on the gut microbiota and lipid metab-
olites, and these gut microbe-metabolite signatures may contribute 
to the improved insulin sensitivity in PAHSA-treated mice.

In the same cohort of mice, PAHSA treatment increased ileal 
expression of gcg and the Goblet cell marker clca1 (SI Appendix, 
Fig. S1C). In another cohort of HFD-fed mice, PAHSA treatment 
reduced expression of proinflammatory cytokines and increased 
occludin, a tight junction marker in the ileum (SI Appendix, 
Fig. S1D). These data indicate that PAHSAs have direct beneficial 
effects on the gut epithelium. PAHSA treatment did not alter cecal 
levels of gut microbe-derived short-chain fatty acids (SCFA) (data 
not shown). However, in another cohort of chow-fed mice that 
were refed for 4 h, PAHSA treatment for 28 d raised fecal propi-
onate levels (data not shown). These differences in SCFA levels 
may be due to sampling location within the gastrointestinal tract 
and the fed versus fasted/refed state of the animals.

The Gut Microbiota Is Necessary for PAHSA Effects to Improve 
Glucose Homeostasis in HFD-Fed Mice but Not in Chow-Fed 
Mice. To determine whether the gut microbiota contributes to the 
antidiabetic effects of PAHSAs, we treated germ-free (GF) chow-
fed female mice with oral PAHSAs or vehicle (Fig. 2A). PAHSA 
treatment had no effect on body weight (Fig. 2B), but it improved 
glucose tolerance (Fig.  2 C and D) versus vehicle-treated and 
untreated controls. Similarly, in chow-fed GF male mice (Fig. 2E), 
PAHSA treatment had no effect on body weight (Fig.  2F), but 
improved glucose tolerance (Fig. 2 G and H) versus vehicle-treated 
controls. The effect of PAHSAs to increase ileal gcg and clca1 
expression in chow-fed conventional mice (SI Appendix, Fig. S1C) 
was attenuated in chow-GF mice (SI Appendix, Fig. S2 A and B), 
suggesting that the gut microbiota may mediate the expression of gut 
enteroendocrine cell and Goblet cell genes. These data indicate that 
the PAHSA effects to improve glucose tolerance are independent of 
the gut microbiota in both sexes of chow-fed mice.

To determine the role of the gut microbiota in mediating 
PAHSA effects in HFD-fed mice, we treated GF-HFD-fed mice 
with oral PAHSAs or vehicle (Fig. 2 I–P). Consistent with previ-
ous studies in conventional diet-induced obese mice (19, 21), 
there was no effect of PAHSA treatment on body weight (Fig. 2 
J and N). Unlike in GF-chow mice, PAHSA treatment did not 

improve glucose tolerance (Fig. 2 K and O) or insulin sensitivity 
(Fig. 2 L and P) in GF-HFD female or male mice. Thus, the 
PAHSA effects to mediate glucose metabolism depend on the gut 
microbiota in HFD-fed female and male mice.

The Beneficial PAHSA Effects on Glucose Homeostasis Are 
Transmissible by FMT. To determine whether the PAHSA effects 
to improve host metabolism can be transmitted by FMT, we 
transplanted donor feces from conventional male mice treated 
with vehicle or PAHSAs (Fig. 1A) into recipient GF-HFD male 
mice (Fig.  3A). There was no effect of PAHSA-FMT on body 
weight in recipient mice versus vehicle-FMT controls (Fig. 3 B 
and C), consistent with PAHSA treatment having no effect on 
body weight in donor mice. However, PAHSA-FMT recipient 
male mice were more glucose tolerant and insulin sensitive versus 
vehicle-FMT recipient mice (Fig. 3 D–F). Interestingly, treatment 
with vehicle-FMT appeared to worsen glucose tolerance versus no 
FMT. Since PAHSAs are dissolved in the same vehicle, vehicle-
FMT is the appropriate control for PAHSA-FMT. By contrast, 
there was no effect of PAHSA-FMT on any of these metabolic 
outcomes in GF-HFD female mice (SI Appendix, Fig. S3 A–F). 
This indicates sex-specific responses in HFD-fed GF mice to FMT 
from PAHSA-treated mice. These data demonstrate that FMT from 
PAHSA-treated chow-fed mice can transmit PAHSA-mediated 
improvements in glucose metabolism to male GF-HFD mice.

The Gut Microbiome Has Sex-Specific Responses to Bt Supple­
mentation in Mice. Functional profiling of the gut microbiota 
from PAHSA-treated chow-fed mice identified Bt to associate with 
a subset of cecal lipid metabolites (Fig. 1G). Since a subset of these 
lipids correlated with insulin sensitivity, we aimed to determine the 
effects of heat-killed (HKBT) and live (LBT) Bt supplementation 
on the gut microbiota in HFD-fed conventional mice. Principal 
Components Analysis of gut metagenome sequencing data 
showed that HFD feeding had the greatest effect on gut microbial 
community composition in both female and male conventional 
mice compared to effects of treatment with either heat-killed or live 
Bt (Fig. 4 A and B and SI Appendix, Fig. S4 A and B). Within HFD-
fed female mice, microbial composition was slightly more variable 
in LBT-supplemented HFD-female mice compared to HFD-PBS 
and HFD-HKBT-treated controls (Fig. 4A). Bt supplementation 
had minimal effect on gut microbiota composition in HFD-fed 
male mice (Fig. 4B).

Supervised classification and hierarchical clustering of gut 
microbial taxa demonstrated that female (Fig. 4C and SI Appendix, 
Fig. S4A) and male (Fig. 4D and SI Appendix, Fig. S4B) mice have 
distinct sex-specific responses to HFD feeding and Bt supplemen-
tation. Female chow-fed mice had elevated genera levels of 
Turicibacter, Muribaculum, and Lachnospiraceae (UCG-008 and 
UCG-001) versus all HFD-fed mice (Fig. 4C). HFD-PBS female 
mice had increased genera levels of Lactobacillus and Odoribacter 
compared to all other groups (Fig. 4C). Although LBT and HKBT 
had minimal effects on microbial composition, there were some 
sex-specific effects at the genera level. HFD-HKBT female mice 
had higher genera levels of Bifidobacterium and Coriobacteriaceae 
versus chow and HFD-PBS mice, while LBT treatment restored 
levels of Blautia (genera), Rikenellaceae (family), and Clostridia 
(class) toward chow levels (Fig. 4C). Interestingly, Blautia (genera) 
abundance changed with Bt treatment, with levels increasing with 
HKBT and reaching highest levels with LBT supplementation 
versus chow and HFD-PBS controls (Fig. 4C).

In contrast, male chow-fed mice had elevated genera levels of 
Bacteroides, Parasutterella, Muribaculum, and Lachnospiraceae 
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versus HFD-fed mice (Fig. 4D). Within HFD-fed male mice, 
HKBT treatment, and LBT to a lesser degree, increased genera 
levels of Blautia, Lactobacillus, and Oscillobacter compared to PBS 
controls. HFD-LBT male mice had increased levels of genera that 
included Ileibacterium, Coriobacteriaceae (UCG-002), and 
Odoribacter versus all other groups. These data show that the gut 
microbiota has sex-specific responses to Bt oral bacteriotherapy in 
HFD-fed mice.

Next, we determined the effect of HFD feeding and Bt supple-
mentation on the biomass of detectable Bt species in vivo. 
Metagenome sequencing detected levels of both heat-killed and 
live Bt. HFD-feeding reduced Bt levels in female (Fig. 4E) and 
tended to decrease Bt levels in male (Fig. 4F) mice compared to 
chow control levels, and both HKBT and LBT supplementation 
tended to raise Bt levels toward those of chow-fed mice. We found 
no effect of HKBT or LBT supplementation on gut microbe-derived 
SCFA concentrations in the cecum of HFD-fed female (Fig. 4G) 
or male (Fig. 4H) mice.

Bt Supplementation Improves Host Metabolism in Female 
Diet-Induced Obese Mice. We next tested the effects of Bt 
supplementation on host metabolism in conventional female 

and male mice. LBT supplementation decreased weight gain and 
adiposity in HFD-fed female mice versus HFD-PBS controls 
(Fig. 5 A–C) without affecting lean mass (Fig. 5D). The decreased 
adiposity could not be explained by a change in food intake 
(Fig.  5E). HFD-fed mice receiving either heat-killed (HKBT) 
or LBT supplementation tended to have lower ambient glycemia 
versus HFD-PBS controls throughout the course of intervention 
(Fig.  5F). Glucose tolerance (Fig.  5 G and H) was improved 
in HFD-HKBT and HFD-LBT female mice, and this was 
independent of insulin secretion (Fig. 5H). Female LBT-treated 
mice had increased GLP-1 levels in response to oral lipids versus 
HFD-PBS controls (Fig. 5I). However, Bt supplementation had 
no effect on insulin sensitivity measured by the insulin tolerance 
test (Fig. 5J). The reduced weight gain and adiposity in HFD-
LBT mice was independent of brown adipose tissue (BAT) ucp1 
expression (Fig.  5K). Adipocyte number in perigonadal (PG) 
and subcutaneous (SQ) WATs was variable and adipocyte size 
did not differ (Fig. 5L). Fecal energy content was increased in 
HKBT-treated mice but unchanged in LBT-treated mice versus 
controls (Fig. 5M). In HFD-fed males, there was no effect of Bt 
administration on any of these metabolic outcomes (SI Appendix, 
Fig. S5 U–AE). In chow-fed females (SI Appendix, Fig. S5 A–J), 

Fig. 2.   The gut microbiota is necessary for PAHSAs to improve glucose homeostasis in HFD-fed mice but not in chow-fed mice. (A) Experimental design for 
chow-fed GF female mice receiving no treatment (No Tx) or treated with oral vehicle (VEH) or PAHSAs. Effects of once daily oral vehicle or PAHSA treatment 
in GF-chow female mice on (B) body weight, (C) intraperitoneal glucose tolerance after 13 d of treatment with corresponding AUC graph, and (D) oral glucose 
tolerance after 20 d of treatment with corresponding AUC graph. (E) Experimental design for chow-fed GF male mice receiving no treatment (No Tx) or treated 
with oral vehicle (VEH) or PAHSAs. Daily oral vehicle or PAHSA treatment effects in GF-chow male mice on (F) body weight, (G) intraperitoneal glucose tolerance 
after 14 d of treatment with AUC graph, and (H) oral glucose tolerance after 22 d of treatment with AUC graph. (I) Experimental design for HFD-fed GF female 
mice receiving no treatment (No Tx) or treated with oral vehicle (VEH) or PAHSAs. Daily oral vehicle or PAHSA treatment effects in GF-HFD female mice on (J) 
body weight, (K) intraperitoneal glucose tolerance after 24 d of treatment with AUC graph, and (L) insulin sensitivity after 27 d of treatment with AUC graph. 
(M) Experimental design for GF-HFD-fed male mice receiving no treatment (No tx) or treated once daily with oral vehicle (VEH) or PAHSAs. Daily oral vehicle or 
PAHSA treatment effects in male GF-HFD mice on (N) body weight, (O) intraperitoneal glucose tolerance after 24 d of treatment with AUC graph, and (P) insulin 
sensitivity after 27 d of treatment with AUC graph. n = 4 to 5/group in female mice and n = 3 to 5/group in male mice. Data are means ± SEM.

http://www.pnas.org/lookup/doi/10.1073/pnas.2318691121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318691121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318691121#supplementary-materials
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only the effects of Bt on lowering adiposity versus PBS controls 
were observed. In chow-fed males, Bt supplementation had no 
effect on body weight, body composition, food intake, or insulin 
sensitivity, but lowered serial glycemia, improved glucose tolerance, 
and increased glucose-stimulated insulin secretion (SI Appendix, 
Fig. S5 K–T).

Considering the sex-specific Bt supplementation effects on host 
metabolism, we asked whether sex hormones were involved 
(SI Appendix, Fig. S5AF). In another cohort of mixed-strain back-
ground female HFD-fed mice, LBT supplementation reduced 
weight gain (SI Appendix, Fig. S5AG), which is consistent with 
LBT effects on body weight in C57BL6 female mice (Fig. 5B). 
As expected, ovariectomized (OVX) mice gained more weight 
and tended to have increased adiposity and worsened glucose 
tolerance (SI Appendix, Fig. S5 AG–AJ) versus sham controls. 
HKBT- and LBT-treated HFD-OVX female mice tended to gain 
less weight and adiposity and were more glucose-tolerant com-
pared to HFD-OVX controls (SI Appendix, Fig. S5 AG–AJ), 
indicating that estrogen only partially mediates the Bt effects on 
host metabolism in diet-induced obese female mice. These data 
demonstrate that live and/or heat-killed Bt supplementation has 
beneficial sex-specific effects on host metabolism in conventional 
diet-induced obese mice.

Bt Supplementation Affects the Gut Mucosa and Intestinal 
Innate Immune Cells in Diet-Induced Obese Mice. Intestinal 
barrier function plays a critical role in regulating glucose 
metabolism and this is mediated in part by the gut mucosa and 
gut inflammatory status. HFD feeding decreased colonic mucus 
thickness in female mice compared to chow-fed controls (Fig. 6A). 
LBT supplementation increased colonic mucus thickness toward 
those of chow-fed controls (Fig. 6A). Similarly, colonic MUC2 
levels, the predominant intestinal mucin protein, tended to 
decrease with HFD feeding, and were ~70% lower versus levels 
in LBT-supplemented mice (Fig. 6B). MUC2 is synthesized and 
secreted by Goblet cells that line the intestinal epithelium. Thus, 
we measured the number of Goblet cells in the ileum from the 
same mice. Goblet cell frequency was not different between chow 
and HFD-PBS or HFD-HKBT-treated mice (Fig. 6C). However, 

LBT supplementation increased the number of ileal Goblet cells 
versus HFD-PBS controls (Fig. 6C). By contrast, there was no 
effect of Bt supplementation on the intestinal mucosa in HFD-
fed male mice (SI Appendix, Fig. S6 A and B), which may explain 
the lack of metabolic improvement (SI Appendix, Fig. S5 U–AD).

Plasma lipopolysaccharide (LPS) binding protein (LBP), a 
proxy for LPS levels, and interleukin-6 (IL-6) can indicate whether 
the increased gut mucosa architecture with LBT treatment pre-
vents translocation of proinflammatory molecules into systemic 
circulation. Plasma LBP levels were reduced in both HKBT- and 
LBT-treated HFD-fed female mice (Fig. 6D). Similarly, LBT 
lowered and HKBT tended to reduce circulating IL-6 levels in 
diet-induced obese female mice (Fig. 6E). Despite no change in 
mucosal thickness or Goblet cell frequency, Bt supplementation 
tended to lower levels of circulating LBP and IL-6 in HFD-fed 
male mice (SI Appendix, Fig. S6 C and D). These data indicate 
that LBT has sex-specific effects to fortify the intestinal mucosa, 
and this associates with a reduction in proinflammatory molecules 
that are known to translocate into systemic circulation in 
diet-induced obese mice.

Intestinal innate immune cell types play a critical role in regu-
lating gut homeostasis and contribute to host metabolic processes 
(5). Here, HFD feeding increased the percentage of colonic 
intraepithelial CD8+ T-cells versus chow controls (SI Appendix, 
Fig. S6E), and within this population, Bt supplementation tended 
to lower the percentage and MFI of CD8+IFNγ+ T-cells versus 
HFD-PBS and chow controls (Fig. 6F and SI Appendix, Fig. S6E). 
Increasing evidence supports a role for TCRγδ+ cells in maintain-
ing gut barrier function and regulating gut and host metabolism. 
HFD feeding tended to lower the percentage of colonic intraepi-
thelial TCRγδ+ T-cells versus chow (Fig. 6G), with LBT treatment 
reducing TCRγδ+ levels, although the subset of TCRγδ+IFNγ+ 
T-cells was not altered (SI Appendix, Fig. S6F). Similarly, Bt sup-
plementation reduced the expression of T-cell and myeloid cell 
markers (tbx21 and arg1), and related proinflammatory cytokines 
(il-17, il-10, tnf-α) versus HFD-PBS controls (SI Appendix, 
Fig. S6H). These data indicate that Bt supplementation reduces 
colonic intraepithelial proinflammatory immune cell profiles and 
function.

Fig.  3.   The beneficial PAHSA effects on glucose homeostasis are transmissible by FMT. (A) Experimental design for FMT in GF mice which received fecal 
contents from donor chow-fed male mice treated with vehicle (V) or PAHSAs (P). FMT effects in recipient GF-HFD male mice on (B) body weight, (C) weight gain, 
(D) intraperitoneal glucose tolerance 21 d post-FMT, (E) oral glucose tolerance 28 d post-FMT, and (F) insulin sensitivity 35 d post-FMT. *P < 0.05 GF-HFD mice 
receiving FMT from VEH-treated chow-fed mice versus GF-HFD mice receiving FMT from PAHSA-treated chow-fed mice, #P < 0.05 GF-HFD mice receiving FMT 
from VEH-treated chow-fed mice versus all groups. +P < 0.05 GF-HFD mice receiving FMT from PAHSA-treated mice versus GF-HFD mice receiving no FMT. n = 5  
GF-HFD receiving no FMT, n = 8 GF-HFD receiving FMT from VEH-treated mice, n = 8 GF-HFD mice receiving FMT from PAHSA-treated mice. Data are means ± 
SEM. Statistical analysis using repeated measures one- or two-way ANOVA followed by Tukey’s post hoc test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2318691121#supplementary-materials
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Fig. 4.   The gut microbiome has sex-specific responses to Bt supplementation in diet-induced obese mice. Conventional C57BL6/J mice were fed chow or HFD 
supplemented with PBS, heat-killed Bt (HKBT), or live Bt (LBT), and cecal contents were collected for gut metagenome sequencing. Principal components analyses 
illustrating similarities in the way HFD alters gut microbial composition in (A) female and (B) male mice with lesser effects of HKBT or LBT. (C and D) Heatmap with 
hierarchical clustering of gut microbial species in (C) female and (D) male mice. Relative abundance levels of Bt in (E) female and (F) male mice calculated as the 
frequency of ASVs normalized to gram of fecal DNA, and SCFA levels in the same cecal contents in (G) female and (H) male mice. For (A, C, and E) female mice,  
n = 5 to 6/group. For (B, D, and F) male mice, n = 6 to 9/group. For (G and H) n = 4 to 5/group. *P < 0.05 chow versus all groups. Data are means ± SEM. Statistical 
analysis conducted using one-way ANOVA followed by Tukey’s post hoc test.
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Discussion

The gut microbiota offers therapeutic opportunities to improve 
host metabolism. Here, we demonstrate how antidiabetic effects 
of PAHSAs do not depend on the gut microbiota in chow-fed 
mice, but they do in HFD-fed mice. In multiomic analyses of 
cecal microbial communities and lipid metabolites in mice with 
increased insulin sensitivity resulting from PAHSA treatment, we 
identified Bt as a target species associated with alterations in mul-
tiple lipids. Two of these lipids correlated with the insulin-
sensitizing effects of PAHSAs. We then treated diet-induced obese 
mice with Bt and found distinct sex-specific effects on the gut 
microbiome, intestinal barrier function, adiposity, and glucose 
metabolism. The studies highlight the therapeutic value of target-
ing the gut microbiota and demonstrate that beneficial effects of 
the gut microbiota on host metabolism can be diet and sex 
specific.

FMT can transmit host phenotype (11, 29), making FMT an 
attractive strategy to treat and/or prevent certain human diseases. 
For example, FMT using healthy donor stool can improve the 
clinical response of some patients with recurrent Clostridiodes dif-
ficile infections and irritable bowel disease (IBD) (30–32), 
although effects are variable with rare cases of complications (33, 
34). Despite the risks, interest remains in applying FMT for treat-
ment and/or prevention of obesity and associated metabolic dis-
eases (35–40). We find the beneficial PAHSA effects to improve 
insulin sensitivity in mice are transmissible by FMT. Donor feces 
from male mice resulted in increased insulin sensitivity in male, 
but not female, recipient mice, highlighting the importance of sex 
in mediating gut microbiome effects on host metabolism (41, 42). 
Overall, our studies demonstrate that the gut microbiota plays a 
key role in mediating PAHSA effects to improve glucose 

metabolism in HFD-fed male mice and support the broader 
notion that the gut microbiome is a therapeutic target that may 
be leveraged to improve host metabolism in obesity.

Phenotype transmission by FMT led us to ask whether a specific 
microbiota contributed to the beneficial PAHSA effects on glucose 
metabolism. We found that PAHSAs did not alter Bt abundance, 
but did alter a signature of cecal lipids, some of which positively 
associated with Bt abundance levels. While Bt levels were 
unchanged, PAHSAs may alter Bt metabolic activity since one 
study comparing the gut microbial proteomes of obese and lean 
humans demonstrated that Bacteroidetes were more metabolically 
active in obese microbiomes despite their lower abundance levels 
(43). Thus, the abundance and activity of Bacteroidetes can be 
dissociated. While we cannot conclude that the elevation of the 
cecal lipids shown in Fig. 1G is specific to Bt, these results suggest 
that PAHSAs can affect Bt and/or other gut microbial genomes 
and regulate levels of multiple cecal lipids. This is consistent with 
a report demonstrating that diet can regulate enzyme activity and 
metabolite biosynthesis in Bt (44). Further studies are needed to 
determine whether any of these lipids mediate the beneficial effects 
of PAHSAs.

Next, we tested whether Bt supplementation has beneficial 
effects to improve host metabolism in diet-induced obese mice. 
This could be relevant to human obesity since Bt levels are low in 
humans with obesity and restored with bariatric surgery (45). We 
found that Bt supplementation reduced weight gain and adiposity, 
and improved glucose tolerance in HFD-fed female, but not male 
mice. This sex-specific response to Bt supplementation may be 
due, in part, to inherent differences in the gut microbiotas of male 
and female C57BL6 mice (46). One study in 15-wk-old HFD-fed 
male mice showed that 7 wk of Bt supplementation reduced 
weight gain, adiposity, and adipocyte size (45). In another study, 

Fig. 5.   Bt supplementation improves host metabolism in conventional diet-induced obese mice. (A) Experimental design in which conventional HFD-fed female 
mice were orally supplemented once daily with PBS, heat-killed Bt (HKBT), or live Bt (LBT). Effects of Bt supplementation on (B) weight gain, (C) adiposity (110 d of 
treatment), (D) lean mass (110 d of treatment), (E) cumulative food intake, (F) ambient glycemia following a 5-h food removal (14 and 70 d of treatment), (G) oral 
glucose tolerance test with AUC graph (84 d of treatment), (H) circulating glucose and insulin in response to oral glucose (49 d of treatment), (I) plasma GLP-1 
levels in response to oral lipid (98 d of treatment), (J) insulin sensitivity (70 d of treatment), (K) ucp1 expression in BAT, (L) adipocyte number and size in PG and 
SC WATs, and (M) fecal energy (77 d of treatment). n = 5 to 7 per group. *P < 0.05 HFD LBT versus HFD PBS; #P < 0.05 HFD HKBT versus HFD PBS. Data are means 
± SEM. Statistical analysis conducted using one-way ANOVA or repeated-measures one-way ANOVA followed by Tukey’s post hoc test.
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3 wk of Bt supplementation to 6-wk-old C57BL6 HFD-fed male 
mice improved insulin sensitivity (47). There are also reports that 
Bt supplementation adversely affects host metabolism. In one 
study, 6-wk-old HFD-fed male mice that were pretreated with 
antibiotics prior to starting Bt supplementation three times a week 
for 6 wk, gained weight (48). The divergent outcomes across Bt 
studies may be due to differences in mouse strain and age, type of 
HFD, mouse vendor sources, and housing conditions, all of which 
can impact gut microbiome-host outcomes (49, 50). Also, we 
administered Bt daily, whereas Bt was administered three times a 
week in other studies (45, 47). Overall, our findings suggest that 
Bt supplementation in female mice with diet-induced obesity may 
improve several metabolic parameters.

Sex hormones regulate the function of metabolic tissues (51) 
and contribute to differences in gut microbiome composition and 
host function (41, 52). However, the role of sex hormones in 
mediating probiotic supplementation effects on host metabolism 
is less known. To address this and because Bt supplementation 
improved several metabolic parameters only in HFD-fed female 
mice, we ovariectomized diet-induced obese mice. Ovariectomy 
partially reversed some of the Bt effects on host metabolism. It is 

possible that longer Bt supplementation may have greater benefits 
to host metabolism in ovariectomized mice. Many commercial 
probiotics are marketed for specific demographics (infant, women, 
all adults) and specific health outcomes (immune health, bloating, 
diarrhea). A growing market of next-generation probiotics targets 
metabolism and weight management, but their effects in both 
sexes are less clear (53). Our Bt supplementation and ovariectomy 
studies are among the few to date determining the role of estrogen 
and sex as a biological variable in probiotic effects on host metab-
olism. Our work highlights the need for more studies to determine 
sex-specific responses to probiotic supplementation.

Both heat-killed and live Bt had comparable effects to reduce 
weight gain, improve glucose tolerance, and lower circulating LPS 
and IL-6 in HFD-fed female mice. Both live probiotics and 
heat-killed postbiotics have therapeutic efficacy to improve mul-
tiple metabolic parameters in mice and humans (54, 55). For 
example, live and heat-killed Am supplementation reduced weight 
gain and improved insulin sensitivity in mice and in human stud-
ies (53–55). In one study, heat-killed Am retained its ability to 
bind to and activate TLR2, and this improved host metabolism 
in mice (55). Gut microbiota-derived lipids could explain the 

Fig. 6.   Effects of Bt supplementation on the gut mucosa and intestinal innate immune cells in diet-induced obese mice. Effects of Bt supplementation in chow 
or HFD-fed conventional female mice supplemented with PBS, HKBT, or LBT on (A) colon mucus thickness, indicated by red arrows (n = 4 to 6/group), (B) Western 
blots and corresponding densitometric quantification for MUC2 (mucin2), IAP, and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) in the mouse ileum  
(n = 3 to 4/group), (C) Goblet cell frequency in the mouse ileum, indicated by red arrows, and quantification graph (n = 5/group), (D) circulating LPS-binding protein 
([LBP]; n = 4 to 5/group), (E) circulating interleukin-6 (IL-6; n = 4 to 5/group). Intraepithelial lymphocytes (IELs) were isolated from the colon, and the percentages 
of (F) CD8+IFNγ+ cells and (G) CD3+TCRγδ+ cells were measured by flow cytometry (n = 4 to 9/group). All images taken at 20× magnification by light microscopy. 
Scale bar indicated by the black line = 50 µm. *P < 0.05 HFD HKBT or HFD LBT versus HFD PBS, or as indicated. Data are means ± SEM. Statistical analysis using 
one- or two-way ANOVA followed by Tukey’s post hoc test.
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effects of heat-killed Bt in our studies. Sphingolipids are a major 
component of Bacteroides membranes and can induce signal trans-
duction in the host (56). The generation of sphingoid backbones 
during sphingolipid biosynthesis can form other complex lipid 
structures, including phosphatidylethanolamine dihydrocer-
amides, which comprise up to 30% of the total lipid content in 
Bacteroidetes cells (57). Bt, a prominent member of Bacteroides 
(genus), can generate ceramides, a type of sphingolipid, and upon 
Bt supplementation to HFD-fed mice, these lipids can regulate 
gut inflammation and hepatic ceramide levels (58). The fact that 
sphingolipids are resistant to heat shock may explain the conserved 
effects of heat-killed Bt on improving glucose metabolism in 
HFD-fed mice observed here.

PAHSA treatment increased cecal levels of C32:1PE and several 
TAG species, which correlated with Bt abundance levels in 
PAHSA-treated mice. We cannot conclude that altered levels of 
these lipids derive specifically from Bt. However, Bt-derived lipids, 
including other PEs and sphingolipids, can regulate sphingolipid 
bioavailability in the host gut and gut mucosal immunity in mice 
(59). The PEs that increase with PAHSA treatment and were asso-
ciated with Bt may have similar effects. A number of bacterially 
produced lipids exert effects on the host. Am-derived diacyl phos-
phatidylethanolamine with two branched chains modulates home-
ostatic immune responses, Neisseria meningitidis-derived N-acyl 
amides regulate immune cell activation, and Bacteroides (including 
Bt)-derived sphingolipids affect host lipid metabolism systemically 
(58, 60, 61). Together, these studies highlight the therapeutic 
utility of leveraging the gut microbiota lipidome to prevent met-
abolic disease. The mechanisms by which Bt-derived lipids act, 
either directly or indirectly by way of downstream metabolites, 
warrant further study. It is advantageous that Bt has efficacy as 
both a probiotic and postbiotic, as this increases its therapeutic 
application.

Fortifying the intestinal barrier has therapeutic potential to pre-
vent and/or treat metabolic disease (6, 13, 62). HFD-induced 
obesity increases gut permeability and systemic inflammation, 
which worsens host metabolism in mice (63). These effects are also 
observed in humans (16). We report that despite HFD feeding in 
female mice, live Bt supplementation preserves colon mucus thick-
ness, and this is associated with increased mucin protein levels and 
Goblet cell frequency to levels of chow-fed control mice. This result 
is consistent with studies in which Am supplementation in 
diet-induced obese mice (55), or Bt supplementation in GF rats 
(64) increased Goblet cell density and elevated expression of 
mucus-related genes. We also report that Bt supplementation 
increases protein levels of intestinal alkaline phosphatase (IAP), 
the primary LPS-detoxifying enzyme in the intestinal brush border 
membrane (65, 66). The reduced weight gain and adiposity in 
HFD-fed mice supplemented with live Bt is associated with ele-
vated colon IAP levels, which may reflect a proportional increase 
in mucus thickness. This result is consistent with studies in 
HFD-fed mice in which IAP inhibition raised circulating levels of 
LBP and TNF-α (46), and in human studies in which people with 
Type 2 Diabetes have lower stool IAP levels versus people without 
diabetes (67). We show that Bt supplementation fortifies the gut 
mucus barrier, which may prevent the translocation of proinflam-
matory gut microbe-derived LPS from entering host circulation.

We also find that colonic intraepithelial T-cells are unlikely to 
play a role in mediating Bt effects on host metabolism in HFD-fed 
female mice since Bt treatment did not change the levels of these 
cells. This may be due to the lack of change in levels of fecal 
SCFAs, which are critical regulators of T-cell function (68, 69). 
Mucosal T-cells play an important role in regulating intestinal 
epithelial cell turnover and repair to maintain gut barrier function 

(70, 71). Previous studies demonstrate that different T-cell sub-
types (Th1, Th17, Tregs) in the colonic lamina propria in HFD-fed 
male mice are critical to promote colonic health in mice (5, 68), 
and therapeutic targeting of specific T-cell subtypes delays 
HFD-induced senescence in mice (72). We measured intraepithe-
lial T-cell subtypes in female mice, which may explain why our 
results differ. Overall, our data indicate that Bt supplementation 
has some beneficial effects on the intestinal mucosa which are 
independent of mucosal T-cells in HFD-fed female mice.

In summary, we report the effects of PAHSA treatment on 
plasma and cecal lipid profiles in mice. PAHSAs differentially reg-
ulated multiple lipid species and some PE levels correlated with 
Bt. This could have therapeutic implications, since levels of PE, the 
predominant phospholipid in the body, are associated with insulin 
sensitivity, BMI, and waist-to-hip ratio in humans with obesity 
(73, 74). The PAHSA-induced increase in some PE species may 
contribute to the enhanced insulin sensitivity in PAHSA-treated 
mice, although our studies did not test causality directly. Overall, 
our results identify lipid species and signatures in mice with 
increased insulin sensitivity resulting from PAHSA treatment. 
Future studies are needed to determine the therapeutic efficacy of 
these lipids in diet-induced obesity.

These studies highlight the therapeutic potential of targeting 
the gut microbiome to beneficially modulate host metabolism and 
prevent obesity. They also highlight the critical role of sex dimor-
phism in regulating host metabolism. Identifying novel gut micro-
biota and optimizing next-generation microbe-based interventions 
have major potential to complement existing therapies and/or 
strategies to support long-term weight and glucose management 
in people with obesity. Increasing our knowledge of how gut 
microbiota functions in response to lipids, including PAHSAs, 
may unlock new therapeutic targets and strategies leveraging the 
gut microbiome to improve host health.

Limitations of Study

We report the effects of PAHSAs on glucose homeostasis in con-
ventional male but not female mice. However, we do report that 
PAHSA treatment improves glucose tolerance in both sexes of GF 
mice on chow diet but not on a HFD, indicating that the require-
ment of the gut microbiota to mediate PAHSA effects on glucose 
homeostasis is dependent on diet but not on sex. We previously 
reported beneficial anti-inflammatory effects of PAHSAs in con-
ventional female chow-fed NOD mice (75, 76). Additional studies 
are needed to determine whether PAHSAs have beneficial effects 
on glucose homeostasis in conventional female C57BL/6J mice as 
we see in conventional C57BL6 male mice. In the current studies, 
we did not measure circulating GLP-1 levels or the frequency of 
intestinal Goblet cells. Future studies will include these outcomes. 
In our FMT studies, donor feces from PAHSA-treated male mice 
transmitted some of the beneficial effects of PAHSAs on glucose 
metabolism to recipient GF male, but not female, mice. Whether 
donor feces from female PAHSA-treated mice can transmit meta-
bolic effects to recipient GF female mice requires further investi-
gation. However, we can still conclude that some of the beneficial 
effects of PAHSAs on glucose metabolism can be transmitted by 
FMT. We also determined the effects of Bt supplementation on the 
gut barrier in diet-induced obese mice. We measured colon mucus 
thickness in AB/PAS-stained Carnoy’s-fixed tissues. In future stud-
ies, we will employ confocal microscopy to determine mucus thick-
ness as this approach robustly quantifies multilayer mucus 
properties and reduces artifacts derived from fixation and tissue 
processing (6, 77). Bt-produced lipids may contribute to the Bt 
effects in HFD-female mice. Future studies defining the lipidome 
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from GF mice monocolonized with Bt would provide insight into 
which Bt-derived lipids mediate host metabolism. Last, future stud-
ies will determine the effects of supplementation with PAHSA-
associated and/or Bt-associated lipid metabolites on improving host 
metabolism in the setting of diet-induced obesity.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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