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SUMMARY

The mechanisms by which the early-life microbiota protects against environmental factors that 

promote childhood obesity remain largely unknown. Using a mouse model in which young 

mice are simultaneously exposed to antibiotics and a high-fat diet, we show that Lactobacillus 
species, predominant members of the small intestine microbiota, regulate intestinal epithelial 

cells (IECs) to limit diet-induced obesity during early-life. A Lactobacillus-derived metabolite, 

phenyllactic acid (PLA), protects against metabolic dysfunction caused by early-life exposure to 

antibiotics and a high-fat diet by increasing the abundance of peroxisome proliferator activated 

receptor γ (PPAR-γ) in small intestine IECs. Therefore, PLA is a microbiota-derived metabolite 

that activates protective pathways in the small intestinal epithelium to regulate intestinal lipid 

metabolism and prevent antibiotic-associated obesity during early life.

eTOC blurb

Shelton et al. determine that early-life antibiotics exacerbate diet-induced obesity by disrupting 

interactions between the gut microbiota and the small intestine epithelium. Their study identifies 

that a Lactobacillus-derived metabolite, phenyllactic acid, regulates intestinal PPAR-γ to limit 

fat accumulation, revealing a mechanism by which the early-life microbiota protects against 

metabolic dysfunction.

Graphical Abstract:

Shelton et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2024 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

The early-life gut microbiota plays a crucial role in promoting health1,2. In contrast to an 

adult microbiota, the infant microbiota is characterized by lower bacterial abundance and 

diversity3–5. As an infant grows, their microbiota becomes more complex and resembles 

that of an adult by ages 3 – 5 years old4. During this developmental window, the early-

life microbiota is uniquely sensitive to perturbations by environmental factors, such as 

an obesogenic high fat (HF) diet or antibiotic treatment6,7. Disruption to the early-life 

gut microbiota is hypothesized to have lasting impacts on a child’s health. For instance, 

early-life antibiotic exposure is correlated with increased weight gain and body-mass-index 

in children8,9. Previous research using mouse models corroborated human studies and 

established a causal link between changes in the gut microbiota composition due to early-life 

antibiotic exposure and increased adiposity10,11. However, the mechanisms by which the 

gut microbiota exerts its protective effects in the context of childhood obesity are largely 

unknown.

An unappreciated aspect of the link between early-life antibiotic use and the risk for obesity 

is the impact of dietary habits on the microbiota. Diet is a key determinant of microbiota 

composition. For instance, an obesogenic Western-style HF diet perturbs the microbiota 

and elevates the risk for metabolic diseases12,13. In the United States, children have an 

elevated intake of saturated fats14 and a high percentage of therapeutic antibiotic usage 15. 
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However, how concurrent exposure to a HF diet and antibiotics alters the risk for childhood 

obesity remains unknown. Thus, a complete understanding of how early-life antibiotic 

treatment increases adiposity requires an investigation into the compounding effects of diet 

and antibiotics on the gut microbiota and host metabolism.

Both the gut microbiota and diet regulate the function of the intestinal epithelium. During 

consumption of a Western-style obesogenic HF diet, the small intestine epithelium adapts 

to contend with the increase in dietary fat16. Specifically, the small intestine epithelium 

increases its’ ability to metabolize fats, protecting the host from features of metabolic 

dysfunction16–18. Concurrently, the small intestine microbiota changes upon exposure to 

a HF diet which impacts the function of the small intestine19, as the small intestine 

microbiota serves as an important regulator of intestinal lipid absorption, metabolism, and 

secretion19–21. Furthermore, recent work has determined that specific members of the small 

intestine microbiota can inhibit lipid secretion and thereby limit serum triglycerides during 

consumption of a HF diet22,23. Therefore, early-life antibiotics may promote obesity through 

perturbation to microbiota-epithelium interactions that protect against metabolic dysfunction 

caused by a HF diet.

In this manuscript, we investigate how early-life microbiota disruption promotes HF diet-

induced obesity. We simultaneously exposed young mice to antibiotics and a high-fat 

diet and determined that antibiotic treatment leads to greater adiposity and metabolic 

dysfunction during consumption of a HF diet. Concurrent exposure to antibiotics and a 

HF diet depleted Lactobacillus species from the small intestine microbiota and experiments 

in colonized gnotobiotic identified the loss of Lactobacillus species as the driver of excess 

fat accumulation in our model. Characterization of the intestinal epithelium in mice given 

antibiotics and a HF diet revealed dysregulation of genes related to lipid metabolism, leading 

to increased triglycerides in the small intestine epithelium and serum. We propose that 

disruption to intestinal lipid metabolism leads to increased adiposity through depletion of 

peroxisome proliferator-activated receptor γ (PPAR-γ), a regulator of lipid metabolism, in 

the small intestine epithelium. Untargeted metabolomics revealed that antibiotics and a HF 

diet reduced the abundance of the Lactobacillus-derived metabolite, phenyllactic acid, in 

the small intestine lumen. We show that phenyllactic acid upregulated intestinal PPAR-γ 
and protected against metabolic dysfunction caused by early-life exposure to antibiotics and 

a high-fat diet. Therefore, PLA is a microbiota-derived metabolite that activates protective 

pathways in the small intestine epithelium to prevent obesity during early life.

RESULTS

Concurrent exposure to antibiotics and a HF diet during early life promotes long-lasting 
metabolic dysfunction

To investigate whether early-life concurrent exposure to detrimental environmental factors 

(e.g., obesogenic HF diet and antibiotics) have a synergistic effect in promoting obesity, 

we first established a mouse model (Fig. 1A) in which young (3-week-old) mice were 

exposed to either a low fat (LF) (10%) or high fat (HF) (60%) diet with or without low 

dose penicillin treatment (LDP, 6.67 mg/L)10. Mice were maintained on their respective 

diets and antibiotics for 5 weeks until they reached sexual maturity. After 5 weeks, mice 
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exposed to a HF diet and LDP gained significantly more weight (Fig. 1B) and abdominal 

fat (Fig. 1C) than mice fed a HF diet alone, despite equal food consumption (fig. S1A). 

Furthermore, no difference in weight gain (Fig. 1B) or abdominal fat (Fig. 1C) was observed 

between mice fed a LF diet and mice given a LF diet and LDP, indicating that antibiotic 

exposure alone was insufficient to promote additional adiposity in our model. To assess 

whether the increased weight gain in mice exposed to HF diet and LDP was due to overall 

body composition changes (e.g., lean mass or bone mineral density), we performed DEXA 

scanning in animals exposed to HF diet or HF diet and LDP (fig. S1, B – C). DEXA 

analysis revealed no differences in lean weight (fig. S1B) or bone mineral density (fig. S1C) 

between experimental groups, suggesting that a HF diet and LDP specifically increase fat 

accumulation. Mice treated with LDP and given a HF diet also developed additional features 

of metabolic dysfunction including increased fasting blood glucose (Fig. 1D) and greater fat 

accumulation in hepatocytes (Fig. 1, E and F) compared to HF diet fed mice.

To determine if the metabolic dysfunction persisted after antibiotic treatment ended, mice 

exposed to either a HF diet and LDP or a HF diet alone were given only a HF diet for 

an additional 5 weeks (Fig. 1G). HF diet and LDP-exposed mice gained more weight (Fig. 

1H) and abdominal fat (Fig. 1I) than mice only given a HF diet for 10 weeks, despite no 

longer receiving LDP and consuming equal amounts of food throughout the experiment 

(fig. S2A). Mice treated with LDP and fed a HF diet also sustained elevated fasting blood 

glucose 3 weeks after antibiotics were removed (Fig. 1J). Differences between experimental 

groups were not significant at 10 weeks, when some mice exposed to HF diet alone started 

to show increased fasting glucose levels24. This data suggests that early life exposure to 

HF diet and LDP causes increased fasting blood glucose (Fig. 1D), and that glucose levels 

remain elevated in this experimental group even weeks after antibiotics are removed (Fig. 

1J). Consumption of a HF diet was required for LDP to promote lasting adiposity as mice 

switched onto a LF diet after 5 weeks of exposure to a HF diet and LDP no longer gained 

additional weight or adiposity (fig. S2, B – D). Moreover, mice treated with LDP and fed a 

LF diet were also given a LF diet alone for 5 additional weeks and no differences in weight 

gain or abdominal fat were observed (fig. S2, E – G). Collectively, these data reveal that 

concurrent early-life exposure to antibiotics and a HF diet leads to early-onset and lasting 

HF-dependent obesity and metabolic dysfunction through unknown mechanisms.

Depletion of Ligilactobacillus murinus from the small intestine microbiota increases fat 
accumulation

As disruption of the early-life microbiota by antibiotics was previously shown to promote 

adiposity11, we hypothesized that simultaneous exposure to antibiotics and a HF diet altered 

the gut microbiota to accelerate fat deposition. Antibiotic treatment increased metabolic 

dysfunction after a 5-week treatment only in young mice fed an obesogenic HF diet (Fig. 1, 

B – H), pointing to a contribution of dietary lipids to our phenotypes. As the small intestine 

is the primary site for dietary fat absorption and metabolism19, we decided to investigate 

changes in the small intestine microbiota during concurrent early-life exposure to HF diet 

and antibiotics. 16S rRNA analysis of the distal small intestine microbiota revealed that 

diet was the most predominant driver of compositional changes between the 4 experimental 

groups (fig. S3, A – C) consistent with previously published research25. As antibiotics 
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promoted adiposity only when young mice consumed a HF diet (Fig. 1C), we focused on 

differences between the small intestine microbiota of mice given a HF diet or a HF diet 

and LDP and not mice that were fed a LF diet or a LF diet and LDP. Relative to the HF 

diet only group, exposure to LDP led to significant depletion of bacteria belonging to the 

Lactobacillaceae family, the most abundant family in their small intestine microbiota (Fig. 2, 

A and B; fig. S3, C and D). Interestingly, in vitro growth of Lactobacillus species indicated 

sensitivity to the combination of penicillin and lipids or the combination of penicillin and 

bile salts (elevated in the intestine during consumption of a high-fat diet26) (fig. S3, F and 

G), providing an explanation for the depletion of Lactobacillus spp. during exposure to 

penicillin and a HF diet. While Lactobacillus levels recovered in HF diet and LDP-exposed 

mice when they were switched onto a HF diet alone, their weight gain still persisted, (Fig 

1H; fig. S3, H and I), supporting the hypothesis that short-term microbiota perturbations can 

promote lasting metabolic changes11.

We next investigated if the loss of Lactobacillus species promoted metabolic dysfunction in 

mice exposed to antibiotics and a HF diet. Quantitative PCR revealed that the predominant 

Lactobacillus species present in the small intestine of untreated mice was Ligilactobacillus 
murinus (L. murinus) (fig. S3E). Moreover, we determined that L. murinus was significantly 

depleted from the small intestine microbiota of mice given LDP and a HF diet (Fig. 2C). 

Therefore, we generated a strain of L. murinus resistant to penicillin (L. murinus PenR) and 

used this strain to restore the presence of L. murinus in the intestinal lumen by re-colonizing 

a subset of mice exposed to a HF diet and LDP with L. murinus PenR. Mice given L. 
murinus PenR gained less weight (Fig. 2D) and abdominal fat (Fig. 2E) than mice exposed to 

a HF diet and LDP alone. Due to the transient colonization seen with L. murinus PenR (data 

not shown), we performed an additional experiment using a defined microbiota strategy in 

gnotobiotic mice. Young (3-week-old) germ-free mice were colonized with either a defined 

microbiota containing L. murinus or lacking L. murinus (Fig. 2F) and were then maintained 

on a HF diet for 5 weeks. Mice colonized with a microbiota containing L. murinus (Fig. 2G) 

gained less weight (Fig. 2H) and accumulated less abdominal fat (Fig. 2I) than mice given a 

microbiota without L. murinus. Together, these data suggest that L. murinus protects young 

mice from adiposity during the consumption of a HF diet.

Our model utilizes chronic, low doses of antibiotics27, an exposure that largely results from 

dietary sources28. However, children can also be treated with therapeutic doses of antibiotics 

during infections, which our LDP treatment does not replicate. To address if therapeutically 

relevant concentrations of antibiotics combined with a HF diet led to similar physiological 

effects as LDP, we exposed young mice to three clinical doses of penicillin (CDP, 0.167 

mg/L) (in combination with an LF or HF diet) over 5 weeks (Fig. 3A). Consistent with LDP, 

concurrent exposure to a HF diet and clinical doses of antibiotics caused marked weight gain 

(Fig. 3B), as well as increased abdominal fat (Fig. 3C), and fasting blood glucose (Fig. 3D) 

of mice compared to mice given only a HF diet. As seen in our LDP model, CDP depleted 

Lactobacillus from the microbiota of young mice (Fig. 3, E and F), supporting the role of 

Lactobacillus depletion from the small intestine microbiota as a driver of the synergistic 

effect of clinical and subclinical antibiotic exposure and HF diet in promoting obesity. To 

further investigate how L. murinus exerts its anti-obesity effects, we chose to utilize our HF 
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diet and LDP model, as mice simultaneously exposed to a HF diet and LDP had sustained 

Lactobacillus depletion from their small intestinal microbiota (Fig. 1, I and J; fig. S3H).

Early-life antibiotics disrupt intestinal lipid metabolism during the consumption of a HF 
diet

A mechanism by which disruptions to the gut microbiota can lead to metabolic dysfunction 

is through perturbation of intestinal epithelium function29,30. The intestinal epithelium 

contributes to a healthy host metabolism through numerous mechanisms, including 

regulation of lipid metabolism, uptake, and secretion as well as gut hormone production31. 

Therefore, changes in the early-life gut microbiota due to antibiotic exposure and a HF 

diet may contribute to childhood obesity by disrupting the activity of intestinal epithelial 

cells. To determine if the combination of a HF diet and antibiotics affected the intestinal 

epithelium, we examined sections of the ileum after 5-weeks of exposure to either a LF 

or HF diet with or without concurrent treatment with LDP (Fig. 4A). Histopathological 

analysis of sections revealed that the individual impact of either LDP treatment or a HF 

diet synergized in perturbing the intestinal epithelium in mice exposed to both LDP and 

a HF diet (Fig. 4B). To gain a deeper understanding of how exposure to a HF diet and 

LDP altered the function of the intestinal epithelium, we next performed RNA-sequencing 

of distal small intestine epithelial cells (IECs) in mice given a HF diet or a HF diet and 

LDP. We determined that concurrent exposure to an obesogenic HF diet and antibiotics 

altered the expression of approximately 200 genes (compared to mice fed a HF diet alone) 

belonging to diverse pathways (Fig. 4, C and D). Analysis of gene pathways altered in 

HF diet and LDP-treated mice revealed perturbed expression of transcripts related to lipid 

and fatty acid metabolism (Fig. 4D). Quantitative PCR analysis of small intestine IECs 

confirmed RNA-sequencing results and showed a significant difference in the expression 

of genes related to lipid digestion (Angptl4) and absorption (Cd36), trafficking (Fabp1 and 

Fabp2), and secretion (Mttp and ApoB) (Fig. 4E)32–37. Despite increased Cd36 expression, 

mice that were given a HF diet and LDP did not absorb more fat from the diet compared 

to mice that were only fed a HF diet (Fig. 4F). However, we measured significantly higher 

triglycerides in the small intestine IECs of fasted HF diet and LDP treated mice (Fig. 4G). 

We also determined that mice exposed to a HF diet and LDP had significantly more lipids 

in their fasted serum than mice given only a HF diet (Fig. 4H). Thus, we reasoned that 

early-life treatment with LDP perturbed intestinal lipid metabolism, leading to increased 

lipid transport from the intestine into circulation. To investigate this hypothesis, we injected 

mice given a HF diet or HF diet and LDP with the lipoprotein lipase inhibitor tyloxapol, 

and then challenged the mice with a bolus of olive oil. Mice exposed to a HF diet and 

LDP had significantly more serum triglycerides two hours after the olive oil gavage (Fig. 

4I), suggesting that their elevated serum lipids (Fig. 4H) result from greater intestinal lipid 

secretion.

To determine if the elevated serum lipids in mice exposed to a HF diet and LDP preceded 

their increased adiposity, we investigated differences in physiology after only two weeks on 

a HF diet and LDP. Despite a reduction in Lactobacillus species in the small intestine (fig. 

S4A), mice given a HF diet and LDP did not gain more weight (fig. S4B) or accumulate 

more abdominal fat (Fig. 4J) after only two weeks of exposure. However, HF diet and 
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LDP-treated mice had significantly greater triglycerides in their fasted serum (Fig. 4K). To 

understand if elevated triglycerides in the serum coincided with perturbation of intestinal 

lipid metabolism after two weeks of exposure to a HF diet and LDP, we measured the 

expression of the same genes that were altered after 5 weeks in mice given a HF diet and 

LDP (Fig. 4E). Interestingly, expression of Angptl4 was decreased after exposure to a HF 

diet and LDP for two weeks, but no significant differences were observed in the expression 

of the other lipid metabolism genes (fig. S4F). Our data suggests that exposure to a HF diet 

and LDP dysregulates intestinal lipid metabolism, leading to elevated serum triglycerides, 

promoting excess weight gain and adiposity.

Activation of intestinal PPAR-γ by L. murinus protects against fat accumulation during 
consumption of a HF diet

We next investigated how a HF diet and LDP disrupted intestinal lipid metabolism, 

specifically focusing on mechanisms leading to reduced Angptl4 in small intestine IECs, 

as this preceded the development of metabolic dysfunction. In the intestine, peroxisome-

proliferator activated receptor gamma (PPAR-γ), a nuclear receptor, regulates Angptl4 
expression38,39 as well as lipid metabolism in the small intestine40. Importantly, PPAR-γ 
abundance and activity in colonic IECs decreases during antibiotic treatment38. Therefore, 

we investigated whether intestinal PPAR-γ was a mechanism connecting microbiota 

perturbations to dysregulated intestinal lipid metabolism during early-life exposure to a HF 

diet and LDP. LDP treatment did not impact the gene expression and protein abundance of 

PPAR-γ in small intestine IECs when mice were fed a LF diet (fig. S5, A–D). However, 

PPAR-γ gene expression and protein abundance in small intestine IECs was significantly 

reduced in mice given a HF diet and LDP (relative to mice fed a HF diet alone) (Fig. 5, A 

– D). No changes in the expression of Pparg or related target genes were observed in the 

adipose tissue or liver (fig. S5, E and F). Our findings suggest that exposure to a HF diet and 

antibiotics specifically depleted PPAR-γ from small intestine IECs.

With the reduction of intestinal PPAR-γ observed in HF diet and LDP-treated mice, we next 

asked if genetic ablation of PPAR-γ specifically in IECs resulted in increased weight gain 

and metabolic dysfunction. Intestinal epithelial-specific PPAR-γ knockout mice (PpargΔIEC) 

and littermate control mice (Ppargfl/fl) were fed a LF or HF diet for 10 weeks (Fig. 5E, 

fig. S5G). PpargΔIEC gained more weight and fat than their littermate controls when fed a 

HF diet (Fig. 5E, fig. S5H). Consistent with the effects of a HF diet and LDP, PpargΔIEC 

did not gain more weight or fat when given a LF diet (fig. S5, G and H). To determine if 

the obesogenic effects of a HF diet and LDP act through depletion of intestinal PPAR-γ, 

we exposed PpargΔIEC and wildtype Ppargfl/fl to a HF diet or a HF diet and LDP. Wildtype 

Ppargfl/fl mice developed significantly more abdominal fat when exposed to a HF diet 

and LDP compared to when only fed a HF diet (Fig. 5F). However, a HF diet and LDP 

treatment failed to increase the amount of adiposity accumulated by PpargΔIEC mice (Fig. 

5F), supporting our hypothesis that LDP promotes fat accumulation during exposure to a HF 

diet by blunting PPAR-γ signaling in the intestinal epithelium. To confirm that differences 

in adiposity were not attributable to changes in LDP activity, Lactobacillus abundance 

in the small intestine of PpargΔIEC and Ppargfl/fl mice was measured. No difference in 

Shelton et al. Page 8

Cell Host Microbe. Author manuscript; available in PMC 2024 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lactobacillus abundance was observed between PpargΔIEC and Ppargfl/fl mice fed a HF diet 

or between PpargΔIEC and Ppargfl/fl mice exposed to a HF diet and LDP (Fig. 5G).

Lactobacillus species can modulate lipid secretion in IECs through activation of the 

PPARs22,23. As we observed a reduction in Lactobacillus spp. upon exposure to a HF diet 

and LDP (Fig. 2A), we next investigated whether Lactobacillus spp. could activate PPAR-γ 
in vitro. As we observed that L. murinus protected young mice from HF diet-induced obesity 

(Fig. 2I), we utilized this isolate to interrogate the relationship between Lactobacillus 
spp. and PPAR-γ. In intestinal epithelial (Caco-2) cells, we determined that L. murinus 
increased the transcriptional activity of PPAR-γ to a similar level as the known PPAR-γ 
agonist, butyrate38 (fig. S6A). Furthermore, we observed that L. murinus significantly 

increased the nuclear localization of PPAR-γ (fig. S6, B, C, E). As L. murinus regulated 

both the abundance and activity of PPAR-γ, we then asked whether L. murinus affected 

lipid secretion in a PPAR-γ-dependent manner. In agreement with previous findings23, L. 
murinus decreased secretion of micelles containing a fluorescent fatty acid (BODIPY C12) 

by Caco-2 cells (Fig. 5H). However, adding a PPAR-γ inhibitor, GW9662, blocked the 

ability of L. murinus to inhibit lipid secretion (Fig. 5H), suggesting that L. murinus increases 

PPAR-γ activity in IECs to reduce lipid secretion from the intestine.

To continue our investigation into the relationship between L. murinus and PPAR-γ, 

we transitioned to the small intestine cell line to recapitulate our mouse model more 

accurately. Pparg expression was increased in mouse small intestinal epithelial (MSIE) cells 

treated with L. murinus (Fig. 5I). In contrast, treatment with Escherichia coli Mt1B1 or 

Staphylococcus xylosus failed to increase expression of Pparg in MSIE cells, suggesting 

that the increase in Pparg expression is unique to L. murinus and not a result of co-culture 

with bacteria (Fig. 5I). Moreover, compared to mock-treated cells, L. murinus significantly 

increased the amount of PPAR-γ in the nucleus in MSIE cells (Fig. 5, J – L) (consistent 

with our findings in Caco-2 cells; fig. S6). Further evidence of a specific interaction with 

L. murinus and intestinal PPAR-γ is seen in gnotobiotic mice colonized with a defined 

microbiota with or without L. murinus (Fig. 2F). In agreement with our in vitro data, 

mice colonized with a microbiota containing L. murinus have significantly higher levels of 

PPAR-γ staining in their intestine compared to mice lacking L. murinus (Fig. 5, M – O).

As PPAR-γ is known to be regulated by microbiota-derived metabolites38,41, we next 

investigated if the cell-free supernatant from L. murinus cultures could increase PPAR-γ 
nuclear localization. Indeed, the supernatant from L. murinus cultures, but not E. coli 
Mt1B1, significantly increased the amount of PPAR-γ accumulating in the nucleus (fig. S6, 

B – I). Together, our in vitro data reveals that Lactobacillus-derived metabolites activate 

PPAR-γ, leading us to hypothesize that the loss of PPAR-γ activity due to exposure to a HF 

diet and antibiotics occurred due to the depletion of Lactobacillus-derived metabolites.

Phenyllactic acid is depleted from the small intestine lumen and regulates intestinal PPAR-
γ

To identify Lactobacillus metabolites responsible for activating intestinal PPAR-γ, 

untargeted metabolomics was performed on the small intestine contents from mice given 

a HF diet or a HF diet and LDP (Fig. 6A). Multiple metabolites known to be produced by 
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Lactobacillus species were significantly depleted in mice exposed to a HF diet and LDP, 

including phenyllactic acid (PLA) (Fig. 6B). As previous work identified that Lactobacillus-

derived PLA upregulates PPARG in adipocytes42, we investigated whether PLA was the 

L. murinus-derived metabolite in supernatants that regulated PPAR-γ in IECs. First, we 

determined that intestinal PLA abundance is dependent on the gut microbiota as germ-free 

mice have significantly less PLA in their small intestine compared to conventional mice 

when fed a HF diet (Fig. 6C). PLA was then measured in supernatants from cultures of the 

defined microbiota used to colonize germ-free mice (Fig. 2F). PLA levels were significantly 

greater in supernatants of the defined microbiota containing L. murinus (Fig. 6D), indicating 

that L. murinus is the primary producer of PLA compared to other microbes present in 

our defined small intestine microbiota. Furthermore, we determined that L. murinus, alone, 

produced PLA in cell culture experiments (Fig. 6E). Importantly, L. murinus PenR (Fig. 

2, D – E), another strain of L. murinus (DSM 20452), different Lactobacillus spp., and 

Bifidobacterium animalis also all produce PLA in vitro (Fig. 6E), highlighting that the 

ability to produce PLA is conserved between multiple bacterial species present in the gut 

microbiota. To investigate PLA production by L. murinus in vivo, we measured intestinal 

PLA levels in mice given L. murinus PenR during exposure to a HF diet and LDP (Fig. 2, 

D and E). Compared to mice treated with a HF diet and LDP alone, mice colonized with 

L. murinus PenR had significantly higher PLA levels in their small intestine content (Fig. 

6F), supporting our hypothesis that Lactobacillus species are a significant contributor to the 

intestinal PLA abundance.

To determine if PLA activated PPAR-γ in IECs, we treated mouse enteroids with PLA 

and observed increased expression of Angptl4 in mouse enteroids to a similar level as 

the PPAR-γ agonist, Rosiglitazone (Fig. 6G). Furthermore, PLA treatment significantly 

increased PPAR-γ accumulation in the nucleus of IECs compared to mock treated cells (Fig. 

6, H – J). PLA also reduced lipid micelle secretion by Caco-2 cells (Fig. 6K), suggesting 

that this Lactobacillus-derived metabolite may play a role in protecting the host against 

metabolic dysfunction during consumption of a HF diet by regulating lipid metabolism in 

IECs through PPAR-γ.

Phenyllactic acid protects young mice from HF-diet induced metabolic dysfunction

Based upon our in vitro data, we asked whether supplementation with PLA increased PPAR-

γ abundance in the small intestine of mice exposed to a HF diet and LDP. In agreement 

with the untargeted metabolomics data (Fig. 6A), mice exposed to a HF diet and LDP had 

significantly less PLA in their small intestine compared to mice given only a HF diet, and 

supplementation with PLA restored PLA abundance in HF diet and LDP-treated mice to a 

similar level as mice given a HF diet alone (Fig. 7A). Elevated intestinal PLA (Fig. 7A) 

significantly increased the abundance of PPAR-γ in the intestinal epithelium when mice 

were exposed to a HF diet and LDP compared to mice given only a HF diet (Fig. 7, B 

and C). Consistent with an increase in intestinal PPAR-γ, HF diet and LDP exposed mice 

treated with PLA developed less adiposity and gained significantly less weight (Fig. 7, D 

and E, fig. S7A) than mice exposed to a HF diet and antibiotics. PLA supplementation also 

significantly inhibited LDP-induced fat accumulation in hepatocytes (Fig. 7, F and G) and 

reduced fasting blood glucose (relative to mice exposed to a HF diet and LDP) (fig. S7B). 
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Changes in physiology due to PLA supplementation occurred despite mice treated with PLA 

consuming more food and having similar reductions in Lactobacillus abundance in the small 

intestine (fig. S7, C and D). We determined that PLA, a metabolite produced by the small 

intestine resident gut microbiota, protects against early-life metabolic dysfunction during 

exposure to a HF diet by regulating PPAR-γ function in IECs.

DISCUSSION

The worldwide prevalence of childhood obesity has risen dramatically over the last thirty 

years 43. In the United States, approximately 20% of school age children are considered 

obese, resulting in a significant public health concern44. The etiology of childhood obesity 

is complex and both genetic and environmental factors contribute to the development of the 

disease45. Recently, early-life disruption to the gut microbiota by antibiotic treatment has 

been proposed as a risk factor for childhood obesity10,11. However, epidemiological surveys 

have produced conflicting results regarding whether early-life antibiotics correlate with 

a higher body-mass-index, prompting further research into how the early-life microbiota 

could be protective against obesity8,46. Importantly, these epidemiological surveys did not 

consider the children’s diet and, therefore may be missing relevant synergistic effects 

between antibiotics and other environmental factors8,46. To answer this gap in knowledge, 

we developed a mouse model in which young mice were concurrently exposed to antibiotics 

and an obesogenic HF diet. Specifically, we investigated the effects of penicillin, which 

belongs to the most commonly prescribed class of antibiotics in the United States47. In this 

paper, we determined that early-life penicillin exposure accelerates the development of high 

fat diet-induced obesity by disrupting interactions between the small intestine microbiota 

and IECs. We further demonstrated that depletion of Lactobacillus species in the small 

intestine of mice given antibiotics and a HF diet led to excess adiposity. Specifically, a HF 

diet and antibiotics reduced the abundance of the Lactobacillus-derived metabolite, PLA, 

which regulates PPAR-γ in IECs and protects against HF diet-induced obesity.

We determined that early-life concurrent exposure to antibiotics and a HF diet perturbs 

lipid metabolism in IECs and provides further evidence for the small intestine’s significant 

role in regulating whole-body lipid homeostasis48. In obese patients, small intestine 

lipid metabolism is significantly altered, suggesting that dysregulation of intestinal lipid 

metabolism contributes to metabolic dysfunction49. Interestingly, proteins increased in 

the small intestine of obese patients49 (FABP1, FABP2, MTP) corresponded to genes 

upregulated in the small intestine of mice exposed to a HF diet and antibiotics. We 

determined that mice given a HF diet and antibiotics accumulate significantly more 

triglycerides in their IECs and serum but did not absorb more fat from their diet. Together, 

this data supports the hypothesis that concurrent exposure to a HF diet and antibiotics 

perturbs intestinal lipid metabolism and leads to greater lipoprotein secretion, consistent 

with what is observed in obese patients49. We propose that these changes in intestinal 

lipid metabolism, at least in part, are due to loss of PPAR-γ signaling. Previous research 

has demonstrated that disruption to the gut microbiota decreases PPAR-γ activity in the 

intestine38 consistent with our observation that a HF diet and LDP treatment reduces PPAR-

γ in the small intestine. The role of PPAR-γ in lipid metabolism is cell-type specific. For 

instance, in the adipose tissue, PPAR-γ promotes lipid storage and lipogenesis50 whereas 
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in macrophages PPAR-γ reduces free fatty acid and triglyceride accumulation51. In the 

intestine, deletion of PPAR-γ resulted in elevated serum triglycerides40, agreeing with 

our model in which depletion of intestinal PPAR-γ coincides with significantly greater 

triglycerides in fasted serum. Therefore, intestinal PPAR-γ presents a promising target 

to regulate lipid metabolism and reduce metabolic dysfunction during exposure to a HF 

diet. Indeed, treatment with the PPAR-γ agonist, Rosiglitazone, represses the expression of 

intestinal apoB and reduces triglyceride secretion in a hamster model52. Collectively, these 

findings highlight the role of intestinal lipid metabolism, specifically PPAR-γ, in protecting 

against metabolic dysfunction.

The depletion of Lactobacillus species from the small intestine in mice exposed to a HF 

diet and antibiotics poses a significant threat to the early-life microbiota-host interaction. 

Lactobacillus is one of the earliest colonizers of the gut and is a predominant member of 

the infant microbiota4,53. Despite a reduction in the relative abundance of Lactobacillus 
as a child matures4, Lactobacillus species remain key constituents of the gut microbiota54. 

Importantly, antibiotic treatment, specifically with penicillin, leads to long-lasting reductions 

in Lactobacillus in children9. Therefore, investigations into how loss of Lactobacillus 
impacts host health and development remain clinically relevant. Previous research has 

determined that specific Lactobacillus species, L. paracasei F19 and L. reuteri ATCC 

4659, limit the effects of an obesogenic HF diet in adult mice55,56, but the mechanism 

by which these strains exert their protection remains relatively unknown. Furthermore, the 

ability of Lactobacillus to prevent metabolic dysfunction is species-specific as some species 

seem to offer no protection or exacerbate the effect of a HF diet55,57. Even more so, 

probiotic intervention studies have shown that Lactobacillus species largely fail to alter body 

composition in children58,59, highlighting the critical need to understand how Lactobacillus 
species protect against HF-diet induced obesity. In our paper, we determine that L. murinus, 

a predominant Lactobacillus species in the human gut54, inhibits lipid secretion from IECs 

by upregulating intestinal PPAR-γ.

This paper did not explore the impact of other small intestine microbiota members on host 

adiposity during early-life exposure to a HF diet. However, in our 16s rRNA sequencing 

of the small intestine microbiota of mice exposed to a HF diet and LDP, we determined 

that the relative abundance of the Streptococcaceae family was increased. As Streptococcus 
species are a dominant group in the human small intestine microbiota60, this increase 

in our model warrants further investigation. Streptococcus species are highly abundant in 

atherosclerotic plaques and correlate positively with HDL cholesterol level61, suggesting 

that elevated Streptococcaceae in HF diet and LDP treated mice could be adding to their 

metabolic dysfunction. Interestingly, commensal Streptococcus species have been shown 

to downregulate PPAR-γ activity62 which may contribute to the inhibition of intestinal 

PPAR-γ in mice given a HF diet and LDP. Therefore, future work will investigate how 

interactions between multiple small intestine microbiota members influence host metabolism 

through intestinal PPAR-γ.

Due to the transient colonization of probiotics63, direct administration of the beneficial 

Lactobacillus-derived metabolite may have better success in preventing metabolic 

dysfunction. Therefore, we identified a Lactobacillus-derived metabolite, phenyllactic 
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acid (PLA), that activates intestinal PPAR-γ and protects young mice from metabolic 

dysfunction due to concurrent exposure to a HF diet and antibiotics. Multiple bacterial 

species produce phenyllactic acid, including species belonging to the Bifidobacteriaceae and 

Peptostreptococcaceae families64–66. Interestingly, we see a depletion of Bifidobacteriaceae 

and Peptostreptococcaceae in mice fed a HF diet and mice exposed to a HF diet and 

antibiotics (Fig. 2A), suggesting that multiple bacterial species may contribute to PLA 

production in the intestine. Significantly, PLA is present in the feces of infants and correlates 

with the abundance of Bifidobacterium64, indicating that this metabolite is a component 

of the early-life gut metabolome in humans. Previous work revealed that PLA upregulated 

an adipose tissue-specific isoform of PPAR-γ42, and we have now determined that PLA 

also increases intestinal PPAR-γ activity and abundance. We then extended these findings 

by showing that PLA inhibits lipid secretion in intestinal epithelial cells and prevents 

antibiotic-induced excess adiposity in young mice during consumption of an obesogenic HF 

diet. Collectively, we identified a previously unknown mechanism by which the early-life 

microbiota communicates with the intestinal epithelium to decrease HF-induced obesity, 

providing new evidence linking early-life antibiotic exposure to childhood obesity.

STAR METHODS

Resource availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Mariana Byndloss 

(mariana.x.byndloss@vumc.org).

Materials availability—All unique/stable reagents generated in this study are available 

from the lead contact without restriction.

Data availability—16S rRNA sequencing data has been deposited in the European 

Nucleotide Archive under the accession number: PRJEB52997. RNA sequencing data 

has been deposited in the European Nucleotide Archive under the accession number: 

PRJEB53157. The mass spectrometry data are available in the Metabolomics Workbench 

public repository, with the data set identifier as ST002186. All data sets are publicly 

available. This paper does not report original code. Any additional information required 

to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Animal Experiments—All experiments in this study were approved by the Institutional 

Animal Care and Use Committee (IACUC) at Vanderbilt University Medical Center.

Early-life antibiotic treatment using clinical doses has been linked to increased childhood 

body mass index in males67. Additionally, the effects of diet-induced obesity are 

significantly greater in young male mice compared to females68. As we focused our 

study on the synergistic effects of antibiotics and a high fat (HF) diet, male mice were 

used for this work. Male C57BL/6N mice (#027), 3-weeks-old, were obtained from 

Charles River Laboratory. Prior to experiments, fecal samples were collected from mice 
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and initial Lactobacillus levels determined by homogenizing fecal content in 1 mL of 

sterile PBS, followed by serial dilutions of the samples which were plated on De Man, 

Rogosa, and Sharpe (MRS) agar (BD Difco #288210). After overnight incubation under 

anaerobic conditions, colony forming units (CFUs) were calculated to obtain Lactobacillus 
colonization levels. The initial weight of mice was also collected. Mice were then assigned 

to groups so that no significant differences in weight or Lactobacillus abundance between 

groups occurred before beginning treatments.

Female and male C57BL/6J Ppargfl/flVillincre/− and littermate Ppargfl/flVillin−/− (control) 

mice were generated at Vanderbilt University Medical Center by mating Ppargfl/fl mice 

(The Jackson Laboratory, #004584) with Ppargfl/flVillincre/− mice38. Genotype of offspring 

determined by PCR using protocol primers described by The Jackson Laboratory. Mice were 

weaned at 3 weeks of age and assigned to one of the treatment groups described below.

Animals were fed either a 60% fat diet (HF) (Research Diets Inc., #D12492) or a 10% 

fat control diet (LF) (Research Diets Inc., #D12450J) for 5 weeks. Groups of LF or HF 

diet mice were also given low doses of penicillin (Sigma Aldrich #P1382)(LDP) (6.67 

mg/L,10) in their drinking water throughout the experiment or clinical doses of penicillin 

(0.167 g/L,69) in their drinking water from days 0 – 5, 15 – 20, and 30 – 35. For long-term 

experiments, mice were fed either a LF or HF diet or a LF or HF diet with LDP for 5 weeks 

before being switched to a HF or LF diet alone for an additional 5 weeks. Ppargfl/flVillincre/− 

and littermate Ppargfl/flVillin−/− mice were maintained on a HF diet or a HF diet and 

LDP treatment for 6 weeks as they required additional time to reach a similar weight as 

C57BL/6N mice on a HF diet (data not shown). In some experiments, drinking water was 

supplemented with 10 mM D-(+)-3-phenyllactic acid (Sigma-Aldrich #376906) for 5 weeks.

C57Bl/6N germ-free mice (Taconic, B6NTac – GF) were bred in-house and moved into a 

positive pressure cage system at 3-weeks-old.

Over the course of the experiments, mice were weighed weekly. Food consumption of 

groups of mice was measured twice per week and normalized to the group or cage weight. 

In addition, fecal samples were collected weekly or bi-weekly, depending on the experiment, 

and plated onto MRS agar to measure Lactobacillus abundance. After 5, 8, or 10 weeks, 

mice were fasted for approximately 6 hours before fasting blood glucose was measured 

using a glucometer.

At the end of the experiment (5-weeks or 10-weeks after starting diet and antibiotic 

treatments), mice were humanely euthanized by CO2 administration. Afterwards, serum, 

ileum (distal small intestine) content, ileum tissue (for epithelial isolation as described 

below), and samples for histopathology, IHC, and oil-red staining were collected. Liver and 

adipose tissue was flash frozen for RNA extraction. In addition, the epididymal (abdominal) 

fat from mice was removed and weighed.

Bacterial culture conditions—The bacterial strains used in this study are listed in Table 

S1. Lactobacillus strains were routinely grown anaerobically at 37 °C in MRS broth (BD 

Difco # 288130) or on MRS agar plates. E. coli Mt1B1 was grown aerobically in LB 
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broth (BD Difco #244620) at 37 °C. Muribaculum intestinale was grown anaerobically at 

37 °C in Anaerobic Akkermanisa Medium70. Clostridium clostridioforme and Clostridium 
sporogenes were grown anaerobically at 37 °C on Brain Heart Infusion (BHI) agar (BD 

Difco #211059) supplemented with 5% (v/v) defibrinated sheep blood (Thermo Scientific 

#R54016) and single colonies used to inoculate Supplemented Brain Heart Infusion (BHIS) 

medium 71. Streptococcus daniellae ERD01G was routinely grown anaerobically at 37 °C 

in Tryptic Soy Broth (TSB) (BD Difco #211825). Staphylococcus xylosus 33-ERD13C was 

routinely grown aerobically at 37 °C in LB broth (BD Difco #244620).

Mouse small intestinal epithelial cells—MSIE cells were generously provided by 

Dr. Fan Yang and were previously generated from the small intestine of 6- to 8-week-old 

C57BL/6 mice harboring a thermolabile mutation (tsA58) under the control of an IFN-γ-

inducible H-2Kb promoter and a temperature-sensitive simian virus 40 (SV40) large T 

antigen72. Expression of the SV40 large T antigen was induced by culturing cells at 33°C 

with IFN-γ which allowed for cell proliferation. MSIE cells were routinely cultured in 

RPMI 1640 medium (Gibco #11875093) supplemented with 5% Fetal Bovine Serum (Gibco 

#16140071), 5 U/ml of mouse IFN-γ (R&D Systems #485-MI), 100 U/ml penicillin and 

streptomycin (Gibco #15140122), 5 μg/ml insulin, 5 μg/ml transferrin, and 5 ng/ml selenous 

acid (Sigma-Aldrich #I3146) at 33°C (permissive temperature) under 5% CO2. Cells were 

passaged every 2 to 3 days. MSIE cells were seeded into 12-well plates (1 × 105 cells/ well) 

or 6-well plates (6 × 105 cells/well), incubated until confluent (usually 2 to 3 days), and then 

treated.

Caco-2 cell culture—Caco-2 cells (ATCC #HTB-37) were grown in Caco-2 cell culture 

media (Minimal Essential Media (MEM) (Gibco #11090081), 10% Fetal Bovine Serum 

(Gibco #16140071), 1% Glutamax (Gibco #35030061), 1% MEM Nonessential Amino 

Acids (Corning #11140050), and 1% Sodium Pyruvate (Gibco #11360070)) at 37°C and 5% 

CO2. Cells were passaged every 3–4 days in T75 flasks according to ATCC protocols. For 

lipid secretion assays, 70 – 80% confluent T75 flasks were diluted, and approximately 1 × 

105 cells seeded onto 12-well transwell plates (Corning Costar #3493) containing collagen 

coated 0.4 μm pore size inserts. Cells were differentiated for 14 days on the transwell inserts 

with the media being replaced every two days. For immunofluorescence experiments, 70% 

- 80% confluent T75 flasks were diluted, and then approximately 6 × 105 cells seeded onto 

glass coverslips in 6-well plates.

Mouse enteroids—Enteroids were generated from 10–12-week-old female C57BL/6J 

mice. Mice were humanely euthanized, and the ileum removed, rinsed with ice-cold PBS, 

and then opened. Tissue was incubated in 0.5% bleach in PBS for 5 minutes before rinsing 

with 0.1 mg/mL Primocin (InvivoGen #ant-pm-05) in PBS (PBS/P). Crypts were then 

isolated from the tissue by gently rocking the ileum in chelation buffer (1M dithiothreitol 

and 20 mM EDTA/EGTA in PBS) at 4°C for 30 minutes. The supernatant was then 

discarded, and additional PBS/P was added before shaking the tissue vigorously. The 

supernatant was filtered through a 70 μm filter and then spun at 500 x g for 5 minutes. The 

cell pellet was resuspended in PBS/P and Matrigel (Corning #356234) (final concentration 

of Matrigel was approximately 80%). 30 μL of the mixture was aliquoted into a 6-well 
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non-tissue culture treated plate (6 domes/ well) and incubated at 37°C until solidified. 

Media (Intesticult (Stemcell Technologies #06005), 10 μM Y-27632 (bio-techne | TOCRIS 

#1254), and Primocin) was then added and enteroids incubated for 2 days at 37°C, 5% CO2. 

Y-27632 was removed after two days. Media was replaced every 2–3 days and enteroids 

were passaged every 7–10 days. Enteroids were passaged by dissociating organoids from 

Matrigel and adding TrypLE Express (Gibco #12604013).

Differentiated enteroids (10 – 14 days after passaging) were treated with either 10 μM 

Rosiglitazone (Sigma-Aldrich #R2408) or 5 mM PLA and incubated for 24 hours. Media 

was replenished during the incubation at 8 hours. Organoids were then dissociated out of the 

Matrigel, and RNA extracted from the cell pellets (Norgen BioTek Corp. #17200).

Method details

Body composition—Mice were fed a HF diet or exposed to a HF diet and LDP for 

5 weeks. Then, dual-energy X-ray absorptiometry (DEXA) was performed before their 

sacrifice on anesthetized mice by using a Faxitron UltraFocus (Hologic). The instrument was 

calibrated for offset images, dark images, and flat-field images before the measurement by a 

method provided by the manufacturer.

Oil Red O Staining—Portions of liver were frozen in optimal cutting temperature 

(O.C.T.) compound (Fisher Scientific #23730571) and 5 μm thick sections were cut and 

mounted to slides. Slides were stored at −80 °C until staining. To stain lipids, slides were 

brought to room temperature and then placed in 10% neutral-buffered formalin solution 

for 10 minutes. The Newcomer Supply Tech Oil Red O, Propylene Glycol staining kit 

(Newcomer Supply #12772B) was used for visualization. Slides were then coverslipped 

with aqueous mounting medium. Scoring of blinded tissue sections were performed by a 

veterinary pathologist based on the criteria listed in Table S4. Representative images were 

taken using a Leica DM750 microscope and a Leica ICC50W camera.

16s rRNA sequencing and data analysis—Content from the distal small intestine 

was collected at the end of the 5-week experiment and stored on ice. DNA was then 

extracted from the samples using the DNeasy PowerSoil Kit (Qiagen #47016) according 

to the manufacturer’s instructions. Sequencing libraries were prepared by the University of 

California San Diego (UCSD) Microbiome Core using protocols and primers published on 

the Earth Microbiome Project website and sequencing performed on Illumina NovaSeq 6000 

according to the manufacturer’s instructions. Other samples were sequenced by Seqmatic 

on Illumina MiSeq. Single end sequences were imported into QIIME2 (version 2022.2). 

Reads were trimmed to exclude regions that fell below a quality score of 25. Features 

tables for each data set were constructed and then merged following denoising. Data 

was rarefied based on minimum read quantity. Phylogenetic trees were then constructed, 

and taxonomy was assigned based on the Silva genes classifier. Pseudocounts added and 

ANCOM was performed to identify alterations in gut microbiota composition based on 

diet or administration of low-dose penicillin. Feature tables constructed for taxonomic 

levels 5(genera), 6(family), and 2(phylum). Pseudocounts added to each of the collapsed 

feature tables and ANCOMs performed at for each experimental variable as previously 
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performed. Distance matrices (jaccard, bray-curtis, weighted, and unweighted) were 

exported from QIIME2 for further processing in R-studio. Alpha diversity metrics (Shannon, 

Faith_pd, and Observed features) were extracted from QIIME2 for downstream applications. 

PERMANOVAs performed for each distance matrix, as well as the creation of non-metric 

multidimensional scaling (nmds) plots based on each distance matrix.

L. murinus-specific qPCR—To measure the abundance of L. murinus in the small 

intestine, a protocol was adapted from Yildez et al.73. Briefly, a DNA (ng) and CFU 

correlation was generated using L. murinus (isolate collected from male C57BL/6N mice 

(#027), 3-weeks-old; species identified by 16S rRNA sequencing of the colony by Genewiz). 

L. murinus was cultured anaerobically in MRS broth overnight and then 1 mL of culture was 

serially diluted and plated on MRS agar for determination of CFU. A second 1 mL aliquot 

of L. murinus culture was lysed and genomic DNA extracted using the PureLink Genomic 

DNA Mini Kit (Invitrogen #K1820–01). CFU/ng of L. murinus was calculated in triplicate 

using the results from above.

DNA from content in the distal small intestine was extracted as described above using the 

DNeasy PowerSoil Kit. Primers specific for either the 16S rRNA gene of Lactobacillus 
species74 or L. murinus (Table S2) were combined with iQ SYBR Green Supermix (Bio-Rad 

#1708882) and 20 ng of DNA from either the small intestine content or a standard curve 

of L. murinus gDNA. Quantitative PCR (qPCR) was performed using the following thermal 

cycling program: initial denaturation step at 95°C for 5 min, followed by 40 cycles of 

denaturation at 95°C for 30 s and annealing/extension at 60 °C for 60 s. Cq values obtained 

from the qPCR reactions were compared to a L. murinus gDNA standard curve to determine 

the amount of L. murinus gDNA present in each sample. Then, CFU/ng of small intestine 

content DNA was calculated using the correlation calculated as described above.

Colonization of HF and LDP-treated mice with L. murinus PenR—To create a 

strain of L. murinus resistant to low doses of penicillin used in the mouse experiments 

described above, a single colony of L. murinus was inoculated into MRS broth containing 

50 μg/L penicillin (Sigma Aldrich #P1382). After 24 hours, the culture was diluted 1:100 

into MRS broth containing 100 μg/L penicillin. The culture was passaged as described into 

increasing concentrations of penicillin until L. murinus grew in MRS broth containing 6.67 

mg/L penicillin. To isolate single colonies, passaged L. murinus was plated on MRS agar 

containing 6.67 mg/L penicillin. Single colonies were inoculated into fresh MRS broth and 

cultures used to make glycerol stocks.

To colonize mice with a L. murinus PenR (strain generation described below), male 

C57BL/6N mice (#027), 3-weeks-old, from Charles River Laboratory were inoculated by 

intragastric gavage (1 × 109 CFU in 0.1 mL MRS broth) with L. murinus PenR. At 48 hours 

post colonization, mice were switched onto a HF diet and given LDP in their drinking water. 

Mice were given L. murinus PenR by intragastric gavage (1 × 109 in 0.1 mL MRS broth) 

weekly for the 5 weeks of exposure to a HF diet and LDP.

Bacterial culture with bile salts and penicillin—For measuring the growth of bacteria 

upon exposure to penicillin, bile salts, lipids or a combination, bacterial species were 

Shelton et al. Page 17

Cell Host Microbe. Author manuscript; available in PMC 2024 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cultured as follows: L. murinus was streaked onto MRS agar and single colonies used to 

start cultures in MRS broth. Overnight cultures were harvested by centrifugation at 4,000 

× g for 5 minutes and then pellets were resuspended in 1 mL fresh media. Optical density 

at 600 nm (OD600) was measured and cultures adjusted to an OD600 = 0.1. Cultures were 

then diluted again to an OD600 = 0.001. Stocks of penicillin (Sigma Aldrich #P1382) were 

prepared at a concentration of 250 mg/L in dH2O and then batches at 10x the concentration 

tested in the assay were made in MRS broth (pH = 6.4). Bile salts (Sigma Aldrich #B8756) 

were dissolved in dH2O at a concentration of 250 mM and then diluted in MRS broth (pH 

= 6.4) to a concentration of 0.9375 mM. Lipid mixture (Sigma Aldrich #L0288) was diluted 

to a concentration of 12.5% (v/v) in MRS broth. For measuring the growth of untreated 

bacterial species, 10 μl of adjusted bacterial culture was added to 90 μl of media in a 96 well 

plate. To measure the impact of penicillin on bacterial growth, 10 μl of 10x penicillin stocks 

were added to wells containing 10 μl of adjusted bacterial culture and 80 μl of media. The 

effect of bile salts on bacterial growth was determined by adding 80 μl of media containing 

0.9375 mM bile salts to 10 μl of adjusted culture and 10 μl of plain media. The impact 

of lipids on bacterial growth was determined by adding 80 μl of media containing 12.5% 

lipids to 10 μl of adjusted culture and 10 μl of plain media. To measure the effect of the 

combination of penicillin and bile salts or penicillin and lipids on bacterial growth, 10 μl of 

adjusted culture, 10 μl of 10x penicillin stocks, and 80 μl of media containing 0.9375 mM 

bile salts, or 12.5% bile salts were combined. Plates were incubated anaerobically at 37 °C. 

OD600 was measured every hour for 24 hours using the Epoch 2 plate reader (BioTek). In 
vitro growth assays were performed in triplicate with different colonies.

Gnotobiotic mouse experiments—C57Bl/6N germ-free mice (from our in-house 

colony) were colonized with a defined microbiota community representative of a small 

intestine microbiota at 3 weeks of age. The defined microbiota included 1 × 109 CFU of 

the following bacteria: Muribaculum intestinale, Clostridium clostridioforme, Clostridium 
sporogenes, and Streptococcus daniellae ERD01G. Ligilactobacillus murinus (isolation and 

characterization described below) was added to the defined microbiota (1 × 1010 CFU) for a 

subset of mice. Germ-free mice were intragastrically inoculated with 0.1 mL of the defined 

microbiota and maintained on a chow diet for 5 days. Colonized mice were then given 

1 × 108 CFU of Escherichia coli Mt1b1 and 48-hours later were switch onto a HF diet 

(Research Diets, Inc., D12492i). Mice were maintained on a HF diet for 5 weeks. Groups of 

mice colonized with L. murinus continued to be gavaged weekly with 1 × 1010 CFU of the 

bacterium and L. murinus was also supplied in their drinking water (1 × 108 CFU/mL).

Histopathology Analysis—Tissue from the distal small intestine was fixed in 10% 

neutral buffered formalin, paraffin-embedded and 5 μm thick sections were cut and mounted 

to slides and stained with hematoxylin and eosin. Scoring of blinded tissue sections were 

performed by a veterinary pathologist based on the criteria listed in Table S3. Representative 

images were taken using a Leica DM750 microscope and a Leica ICC50W camera.

Enterocyte isolation—The ileum (distal small intestine) was removed from mice 

and opened lengthwise before placing in cold phosphate buffered saline (PBS) (Gibco 

#14190144). Tubes were gently inverted four times. Tissue was then placed in a 15 mL 
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conical centrifuge tube containing dissociation reagent #1 (30 mM EDTA, 1.5 mM DTT, 

pH 8 in PBS) and incubated for 20 minutes buried in ice. Then, tissue was transferred to 

a new 15 mL conical centrifuge tube containing pre-warmed (37°C) dissociation reagent 

#2 (30 mM EDTA, pH 8 in PBS) and samples were incubated at 37°C for 10 min. After 

incubation, tubes containing the samples were shaken vigorously for 30 seconds to release 

epithelium from the basement membrane. Cell suspension was transferred to a new 15 mL 

conical centrifuge tube, leaving any remnant tissue, and cells were pelleted by centrifugation 

at 800 × g for 5 minutes at 4°C. Supernatant was removed and the cell pellet was flash 

frozen in liquid nitrogen for subsequent RNA extraction or triglyceride measurements.

RNA extraction and quantitative real-time PCR—Liver tissue and enterocyte 

cell pellets were homogenized using a FastPrep-24 and RNA isolated by the TRIzol 

method (Invitrogen #15596018) following the manufacturer’s protocol. Adipose tissue was 

homogenized using a Fastprep-24 and RNA isolated using QIAzol Lysis Reagent (Qiagen 

#79306) according to the manufacturer’s protocol. RNA was reverse transcribed using 

iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad #1725035). Quantitative real-time PCR 

was performed using iQ SYBR Green Supermix (Bio-Rad #1708882) and the appropriate 

primer sets (Table S2). Relative gene expression was calculated using Act2b as the 

housekeeping gene.

RNA-sequencing—RNA was extracted from enterocyte cell pellets as described 

above and samples sequenced by the Vanderbilt Technologies for Advanced Genomics 

(VANTAGE). VANTAGE performed an mRNA enrichment and then prepared a cDNA 

library using the stranded mRNA (polyA-selected) library preparation kit (New England 

BioLabs #E7760). Sequencing was then performed at paired-end 150 bp on the Illumina 

NovaSeq 6000 targeting an average of 25 M reads per sample. Results were then 

analyzed by Vanderbilt Technologies for Advanced Genomics Analysis and Research 

Design (VANGARD) as follows. Adapters were trimmed by Cutadapt (v2.10). After 

trimming, reads were mapped to the mouse reference genome GRCm38.p6 using STAR 

(v2.7.3a) 75 and quantified by featureCounts (v2.0.0) 76. DESeq2 (v.1.24.0) 77 was used 

to detect differential expression between two groups. WebGestaltR (v0.4.4) was used to 

perform functional enrichment analysis against Gene Ontology and KEGG. Gene Ontology 

analysis was performed using the online tool DAVID Bioinformatics Resources (https://

david.ncifcrf.gov/).

Lipid Measurements—After 5 weeks of exposure to a HF diet or a HF diet and LDP, 

mice were fasted overnight and then humanely euthanized by CO2. Plasma was collected 

and then the amount of neutral lipids (Cell Biolabs STA-617), triglycerides (Cell Biolabs 

STA-396), free fatty acids (Cell Biolabs STA-618), or cholesterol (Cell Biolabs STA-390) 

were measured using the appropriate assay kit. Enterocytes from fasted mice were collected 

as described above and triglycerides measured in the cell lysate. The concentration of 

triglycerides was normalized to protein abundance in the cell lysate as determined by a 

standard Bradford assay (Bio-Rad #5000006).
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Non-invasive Measurement of Intestinal Fat Absorption—Measurements of dietary 

fat absorption were based off the protocol by Jandacek et al.78. C57BL/6N were given a HF 

diet or a HF diet and LDP for 5 weeks as described above. After the 5 weeks of treatment, 

mice were placed in a clean cage and switched to a diet containing sucrose polybehenate 

(Research Diets, Inc., #D12492 with 5% of the fat replaced with sucrose polybehenate). The 

mice were moved again to a clean cage after 24 hours and maintained on the diet containing 

sucrose polybehenate. On the third day of feeding with sucrose polybehenate, fecal pellets 

were collected from the mice before placing animals in a clean cage. After 4 days on the 

diet, fecal pellets were collected again.

Fecal samples were saponified with methanolic sodium hydroxide to obtain free fatty acids 

which were then methylated using 14% BF3 methanol to produce fatty acid methyl esters. 

Hexane was then used to extract the fatty acid methyl esters. The fatty acids were detected 

using gas chromatography and compared to a set of standards and an internal standard. The 

percentage of fat absorption was determined based on the ratio of total fatty acids to behenic 

acid in the diet and in the feces.

Oral fat tolerance test—Mice were given a HF diet or a HF diet and LDP for 5 weeks 

before being fasted for 6 hours. Then, mice were injected intraperitoneally with 0.5 g/kg 

tyloxapol (Sigma Aldrich #1704003; dissolved in sterile PBS) 30 minutes before they were 

given 200 μl of olive oil via intragastric gavage. Blood samples were collected from the tail 

2 hours after olive oil gavage. Samples were then spun at 1000 × g for 20 minutes at 4 

°C and the supernatant collected and stored at −80 °C. Triglycerides were measured in the 

serum as described below.

PPAR-γ Immunostaining—Pieces of the distal small intestine were fixed in 10% neutral-

buffered formalin, paraffin-embedded and 5 μm thick sections were cut and mounted to 

slides. Slides were placed on the Leica Bond-Rx IHC Stainer. All steps besides dehydration, 

clearing and coverslipping were performed on the Bond-Rx. Slides were deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope Retrieval 

2 solution (Leica Biosystems #AR9640) for 20 minutes. Slides were placed in a protein 

block (Agilent DAKO # x0909) for 10 minutes. Slides were then placed in a PowerVision 

Block (Leica Biosystems #PV6122) for 60 minutes. The sections were incubated with 

anti-PPAR-γ (Santa Cruz Biotechnology #sc-7273), diluted 1:100, for 30 minutes. The Bond 

Refine Polymer detection system (Leica Biosystems #DS9800) was used for visualization. 

Slides were the dehydrated, cleared and coverslipped. Scoring of blinded tissue sections 

were performed by a veterinary pathologist based on the criteria listed in Table S5. 

Representative images were taken using a Leica DM750 microscope and a Leica ICC50W 

camera.

Lipid secretion assay in Caco-2 cells—Differentiated Caco-2 wells were treated with 

either 3 μM GW9662 (Sigma-Aldrich #M6191), live L. murinus (prepared as described 

above), both 3 μM GW9662 (Sigma-Aldrich #M6191) and live L. murinus, or 5 mM D-

(+)-3-phenyllactic acid (Sigma-Aldrich #376906) for 16 hours. Lipid micelles were prepared 

as previously described22,23,79 in serum-free Caco-2 cell culture media. Micelles, containing 

0.6 mM oleic acid (Sigma-Aldrich #O1008), 2 mM sodium taurocholate (Sigma-Aldrich 
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#86339), 0.2 mM 2-mono-oleoylglycerol (Sigma-Aldrich #M7765), 0.05 mM cholesterol 

(Sigma-Aldrich #C8667), 0.2 mM L-α-lysophosphatidylcholine (Sigma-Aldrich #L4129) 

and 0.02 mM BODIPY C12 fatty acid (Invitrogen #D3835), were added to the apical 

compartment of cells. After a 10-minute incubation, media containing lipid micelles was 

removed and replaced with serum-free Caco-2 cell culture media. Four and six hours after 

addition of lipid micelles, 150 μL from the basal compartment was removed and 50 μL 

added in triplicate to wells of black 96-well plate. Fluorescence was measured (excitation at 

548 nm and emission at 578 nm) (BioTek).

PPAR-γ fluorescent staining—MSIE or Caco-2 cells were seeded onto coverslips as 

described above and incubated for 48 hours. Then, cells were mock-treated or treated with 

live L. murinus (prepared as described above), L. murinus or E. coli Mt1B1 supernatant 

(prepared as described above), or 5 mM D-(+)-3-phenyllactic acid (Sigma-Aldrich #376906) 

for 16 hours. All conditions were buffered with 20 mM HEPES (Gibco #15630080). After 

treatment, media was removed, and cells were fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences #15710-S) for 15 minutes at 37 °C. Cells were then washed 3 times 

for 5 minutes in PBS (Gibco #14190144). Subsequently, cells were treated with 0.1% Triton 

X-100 (Acros Organics #AC327371000) for 15 minutes and then washed again 3 times 

for 5 minutes with PBS (Gibco #14190144). Cells were blocked in 5% BSA (Alfa Aesar 

#J64655) for one hour before being incubated with anti-PPAR-γ (Santa Cruz Biotechnology 

#sc-7273) (Diluted 1:50) for one hour at room temperature. After incubation with primary 

antibody, cells were washed 3 times for 5 minutes in PBS (Gibco #14190144) and then 

goat anti-mouse IgG Alexa Fluor 488 (Invitrogen #A-11001) (diluted 1:1000) was added 

for 1 hour at room temperature. Coverslips were washed in PBS (Gibco #14190144) and 

then Alexa Fluor 546-Phalloidin (Thermo Fisher #A22283) or Alexa Fluor 647-Phalloidin 

(Thermo Fisher #A22287) was added for 20 minutes. Afterwards, coverslips were washed 

in PBS (Gibco #14190144) and then mounted on glass slides in ProLong Diamond Antifade 

Mountant with DAPI (Molecular Probes #P36962). Imaging was performed on a Zeiss 

LSM880 Airyscan Confocal Microscope. Representative images shown in paper were 

collected using a Nikon A1 Microscope equipped with 405, 488, 561, and 645 nm LASERs 

and a Plan Fluor 40X/ 1.30 NA immersion objective. For imaging in all microscope 

modalities, imaging acquisition parameters were matched between samples during image 

acquisition. Images were contrast enhanced and cropped using FIJI/ImageJ software (NIH). 

Abundance of nuclear PPAR-γ was calculated using FIJI/ImageJ measurement tools and 

dimensions of DAPI stained nuclei.

PPAR Reporter Assay—Eighty to ninety percent confluent Caco-2 cells were seeded 

into 96 well plates at a concentration of approximately 1 × 104 cells/well. Forty-eight hours 

post seeding, wells containing Caco-2 cells were transfected with 150 ng of PPRE x3-TK-

Luc80 using Lipofectamine 3000 (Thermo Fisher L3000008) according to manufacturer’s 

instructions. After overnight incubation, transfected cells were mock-treated or treated 

with 8 mM sodium butyrate (Acros Organics #263191000), or live L. murinus for 5 

hours. Media was then removed, and cells washed with 100 μl PBS. Cells were then 

lysed and luciferase assay substrate (Promega #E1500) added according to manufacturer’s 

instructions. Luciferase was then measured using plate reader (BioTek).
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Co-culture of bacterial strains and intestinal epithelial cells—For in vitro 
experiments, strains were grown overnight as follows: L. murinus was grown anaerobically 

in MRS broth and E. coli Mt1B1 and S. xylosus 33-ERD13C were grown aerobically in LB 

broth. Overnight cultures were harvested at 4000 × g for 5 minutes. L. murinus was then 

adjusted to an OD = 1 in Caco-2 cell culture media, E. coli Mt1B1 was adjusted to an OD 

= 0.025, and S. xylosus 33-ERD13C was adjusted to an OD = 0.05. Strains were adjusted 

to different starting concentrations due to the ability of E. coli and S. xylosus 33-ERD13C 

to grow in the cell culture media. Bacterial strains were added to Caco-2 or MSIE cells 

for co-culture experiments. Similar bacterial burdens between strains were observed after 

16 hours of co-culture. To prepare Lactobacillus and E. coli Mt1B1 supernatants, Caco-2 

media was inoculated with a single colony of L. murinus and grown aerobically (37 °C, 5% 

CO2) for 24 hours. Culture was then harvested at 4000 × g for 5 minutes and the supernatant 

filter sterilized (0.2 μm pore size). The volume of the supernatant used was normalized by 

the OD of the bacterial culture when two different strains were used. Both live cultures 

and supernatants were buffered using 20 mM HEPES. MSIE cells were incubated with live 

bacterial cultures for 16 hours and then either RNA was extracted from the cells (Norgen 

BioTek Corp. #17200), or the cells were stained for PPAR-γ (protocol described below). 

Caco-2 cells were incubated with either live bacteria or their supernatant for 16 hours before 

cells were stained for PPAR-γ (protocol described below).

Untargeted metabolomics—Optima grade LC-MS solvents for the mass spectrometry 

analyses were purchased from Thermo Fisher Scientific, USA (Thermo Fisher Scientific, 

Waltham, MA). Individual isotopically labeled standards were purchased from Cambridge 

Isotope Laboratories (Tewksbury, MA) and CDN Isotopes (Pointe-Claire, Quebec, Canada).

Metabolomics sample preparation:  Frozen mouse intestinal content samples (n=20, 5 

biological replicates for each sample group) were lysed in 500 μl ice-cold lysis buffer 

(1:1:2, v:v:v, acetonitrile: methanol: ammonium bicarbonate 0.1M - pH 8.0) and sonicated 

individually using a probe tip sonicator at 50% power (10 pulses). The lysis buffer contained 

isotopically labeled standards (n=2) to determine sample process variability (see Table S6). 

Homogenized samples were normalized by weight to the smallest amount of tissue sample 

such that each sample contained an equal amount of tissue. Proteins were precipitated 

from individual samples by addition of 800 μL of ice-cold methanol followed by overnight 

incubation at −80°C. Precipitated proteins were pelleted by centrifugation (15,000 rpm, 15 

min) and metabolite extracts were dried down in vacuo and stored at −80°C. Individual 

samples were reconstituted in 100 μL of reverse phase liquid chromatography reconstitution 

buffer (acetonitrile/water with 0.1% formic acid, 3:97, v/v) containing isotopically labeled 

standards (n=2) to assess instrument variability (see Table S6). A pooled quality control 

(QC) sample was prepared by pooling equal volumes (10 μL) from each individual sample 

following reconstitution.

Metabolomics based reverse phase liquid chromatography high resolution tandem 
mass spectrometry analysis:  Prepared samples were analyzed by RPLC-HRMS/MS in 

the Vanderbilt Center for Innovative Technology (CIT) using a modified version of a 

reversed phase chromatography negative ionization method81. Metabolites were separated 
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on a Thermo Fisher Scientific (Waltham, MA) Hypersil Gold C18 column (100 × 2.1 mm, 

1.9 μm particle size) using water/acetonitrile gradient with formic acid (0.1%) added to both 

mobile phases. Samples were analyzed on a high-resolution Thermo Fisher Scientific Q-

Exactive HF hybrid quadrupole-Orbitrap mass spectrometer (Bremen, Germany) equipped 

with a Thermo Fisher Scientific Vanquish UHPLC binary system and autosampler controlled 

by Xcalibur 4.4 software (Waltham, MA). Liquid chromatography was performed at 250 μL 

min−1 using solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in 80:20 

acetonitrile:water) with a gradient length of 30 min as previously described in81. Solvents 

and column were held at 45°C.

Mass spectrometry (full MS) analyses (5 μL injection volume) were acquired in negative 

ion mode at maximum resolution of 120,000 and scanned from m/z 70 to m/z 1050 with 

a scan rate of 3.5 Hz, automatic gain control (AGC) target of 1 × 106, and maximum ion 

injection time of 100 ms. MS/MS spectra were collected at 15,000 resolution, AGC target 

of 2 × 105 ions, and maximum ion injection time of 100 ms. Pooled QC samples were used 

for column conditioning (10x pooled QC sample prior to individual sample analysis and 2x 

pooled QC sample was injected every five samples), retention time alignment and to assess 

mass spectrometry instrument reproducibility (intra-batch) throughout the sample set. A 

total of 20 samples (randomized injection 1x) were analyzed by RPLC-HRMS/MS analysis 

after conditioning the analytical platform with pooled QC samples. Quality assurance (QA) 

practices were applied to assess the analytical method performance. Further, a system 

suitability sample (LCMS QC reference material, Waters Corporation, Milford, MA) was 

used to verify the stability of retention times, peak shapes and areas before and after sample 

batch analysis.

Metabolomics data processing and statistical analysis:  Spectral features (retention 

time, m/z pairs) were extracted from the RPLC-HRMS/MS data using Progensis QI v. 

3.0 (Non-linear Dynamics, Waters Corporation, Milford, MA). Briefly, the data from five 

(n=5) biological replicates from each sample type were imported, processed, normalized 

(integration) and reviewed. All MS and MS/MS sample runs were aligned against a pooled 

QC sample reference run. Spectral features (retention time, m/z pairs) were further de-

adducted and de-isotoped to generated compounds or metabolites. Data was further curated 

by applying QA practices to the data. Specifically, compounds or metabolites with spectral 

features with >25% coefficient of variation (CV) in the pooled QC samples were removed 

(total: 2270 metabolites). Data were normalized to all compounds using Progenesis QI.

Principal component Analysis (PCA) was used to identify and remove outliers in the data set 

(see fig 8A). Heatmap analysis was performed in Metaboanalyst 5.0, data was pareto scaled 

and log transformed using Pearson distance and average clustering (see fig. 8B) to illustrate 

differences based on metabolite abundances across the experimental groups. Sample process 

and instrument variability were also assessed (see Table S6) to determine sample and batch 

acceptance. Briefly, QA metrics for sample process variability and instrument variability 

are ≤ 25% CV and ≤ 10% CV, respectively. In these studies, no samples were identified 

as outliers. Statistical analyses were performed in Progensis QI using variance stabilized 

measurements achieved through log normalization to calculate p-values by one-way analysis 
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of variance (ANOVA) test. Significantly changed metabolites were chosen with the criteria 

p-value <0.05 and |fold change| > 2.

Tentative (Level 3, L3) and putative annotations (Level 2, L2) were determined within 

Progenesis QI software using accurate mass measurements (<5 ppm error), isotope 

distribution similarity, retention time matching and fragmentation spectrum matching 

using database searches against Human Metabolome Database (HMDB) 82, METLIN 83, 

the National Institute of Standards and Technologydatabase 84 and an in-house library. 

Annotations (Level 1–3) 85 were determined for significant metabolites by searching 

the above libraries or databases. The metabolite annotations of significantly different 

compounds (pairwise comparisons between HF diet and HF diet + LDP-treated mice) are 

represented in Table S7. The MS data are available in the Metabolomics Workbench public 

repository, with the data set identifier as ST002186.

Preparation of defined microbiota supernatants—To measure PLA in supernatants 

from defined microbiota cultures, fecal samples were collected from gnotobiotic mice 

colonized with the defined microbiota described above (including or lacking L. murinus) 

prior to colonization with E. coli Mt1B1. Fecal samples were resuspended at a concentration 

of 1 g feces to 25 mL PBS and combined in a 1:1 ratio with 50% sterile glycerol. Samples 

were then stored at −80. 1 mL of the defined microbiota fecal sample (either with or without 

L. murinus) was used to inoculate 10 mL of Anaerobic Akkermanisa Medium. Cultures 

were grown anaerobically for 48 hours. After 48 hours, cultures were harvested at 4000 × g 

for 10 minutes. The resulting pellets were resuspended in MRS broth and separated into 3 

5 mL aliquots of Caco-2 media (previously incubated anaerobically for 48 hours). Cultures 

were then incubated for 16 hours before being harvested at 4000 × g for 10 minutes. The 

supernatant was filter sterilized and PLA measured as described below.

Phenyllactic Acid Measurements

Extraction and normalization.: Intestinal contents were weighed, diluted to a final density 

of 40 mg/mL in water/acetonitrile (3:2) buffered with 250 mM sodium phosphate pH 2.5 and 

homogenized/extracted using ceramic beads (2.8 mm dia.) and a Bead Mill 4 homogenizer 

(Thermo Fisher; Waltham, MA). Insoluble debris was removed by centrifugation (10,000 × 

g, 30 min, 5 °C); the supernatants were transferred to clean Eppendorf tubes and stored at 

−20 °C until the day of analysis.

LC-HRMS Analysis.: 3-Phenyllactic acid (PLA) and a deuterium-labeled internal standard 

(PLA-d3) were derivatized with the reagent dansyl hydrazine and the carboxyl activating 

agent 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to their corresponding dansyl 

hydrazone derivatives. Due to the limited stability of EDC under acidic conditions, stock 

solutions of EDC were made up fresh in water and used immediately. Briefly, 25 μL aliquots 

of thawed extracts were spiked with 2 nmol PLA-d3, diluted 1:3 with homogenization 

buffer, and derivatized at room temperature with dansyl hydrazine (25 μL × 50 mg/mL) and 

EDC (25 μL × 150 mg/mL). After one hour at room temperature, 25 μL methanol/water 

(1:1) containing 500 mM glucose was added to quench the excess reagents. Following 

centrifugation (10,000 × g, 30 min, 5 °C), quenched reaction mixtures were transferred 
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to 2-mL autosampler vials equipped with low-volume polypropylene inserts and Teflon-

lined rubber septa. The sample injection volume was 10 μL. PLA calibration standards 

were prepared in water and derivatized in the same manner. LC-HRMS analysis was 

performed using a Thermo Q Exactive HF hybrid quadrupole/orbitrap high resolution mass 

spectrometer interfaced to a Vanquish Horizon HPLC system (Thermo Fisher). The mass 

spectrometer was operated in positive ion mode, with targeted selected ion monitoring 

(t-SIM) detection of specified precursor ions at a resolving power of 30,000, an isolation 

window of 2.0 m/z, and the following HESI source parameters: spray voltage 4 kV; capillary 

temperature 300°C; HESI temperature 100 °C; S-lens RF level 50; N2 sheath gas 40; N2 

auxiliary gas 10; sweep gas 2.0; in-source CID off. Extracted ion chromatograms were 

constructed for PLA and PLA-d3 with the following exact masses and a mass tolerance 

of +/− 5 ppm: PLA: [M+H]+ 414.1482; PLA-d3: [M+H]+ 417.1670. Data acquisition 

and quantitative spectral analysis were done using Thermo Xcalibur version 4.1.31.9 and 

Thermo LCQuan version 2.7, respectively. Calibration curves were constructed by plotting 

peak areas against analyte concentrations for a series of eleven calibration standards, ranging 

from 0.010 to 1000 μM. A weighting factor of 1/C2 was applied in the linear least-squares 

regression analysis to maintain homogeneity of variance across the concentration range. An 

Acquity BEH C18 reverse phase analytical column (2.1 × 100 mm, 1.7 μm, Waters, Milford, 

MA) was used for all chromatographic separations. Mobile phases were made up of 0.2 % 

HCOOH in (A) water and in (B) CH3CN. Gradient conditions were as follows: 0–1.0 min, B 

= 5 %; 1–6 min, B = 5–95 %; 6–8 min, B = 95 %; 8–8.5 min, B = 95–5 %; 8.5–12 min, B 

= 5 %. The flow rate was maintained at 300 μL/min, and the total chromatographic run time 

was 12 min. A software-controlled divert valve was used to transfer the LC eluent from 0 to 

4.5 min and from 6.5 to 12 min of each chromatographic cycle to waste.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fold changes of ratios (mRNA relative expression, PPRE activity, BODIPY C12 secretion) 

as well as percent abdominal fat, fasting glucose, PLA concentration (relative abundance 

and absolute concentration), and bacterial abundance were transformed logarithmically 

prior to statistical analysis. For quantification of PPAR-γ nuclear intensity, the integrated 

density of PPAR-γ fluorescent signal within the DAPI stained nucleus was measured. The 

integrated density was then transformed logarithmically prior to statistical analysis. An 

unpaired Student’s t test was used on the transformed data to determine whether differences 

between groups were statistically significant (p < 0.05). Comparisons between more than 

3 groups were determined using a one-way ANOVA followed by Tukey’s or Šídák’s 

multiple comparison test. When comparisons between multiple groups and containing two 

independent variables were assessed, statistically significant differences between groups 

were determined by two-way ANOVA followed by Tukey’s or Šídák’s multiple comparison 

test. Significance of differences in histopathology, PPAR-γ immunohistochemistry, and oil 

red O staining were determined by a two-tailed non-parametric test (Mann-Whitney).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Early-life exposure to antibiotics and a high-fat (HF) diet exacerbates obesity.

• Loss of small intestinal Lactobacillaceae leads to increased adiposity.

• Antibiotics and a HF diet exacerbate adiposity via depletion of intestinal 

PPAR-γ.

• Lactobacillus-derived phenyllactic acid protects against antibiotic-induced 

obesity.
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Figure 1. Early-life exposure to low dose penicillin (LDP) and a high fat (HF) diet promotes 
metabolic dysfunction.
(A, G) Schematics of the experimental models and the groups used. (B) Weight gain, (C) 

abdominal fat (g), and (D) fasting glucose levels of mice in each group after 5 weeks. (E) 

Representative images of oil red O-stained sections of liver from HF diet and HF diet + 

LDP-treated mice. Scale bar represents 100 μm. (F) Combined oil red scores from livers 

of mice given a HF diet or a HF diet + LDP. (H) Weight gain of mice in each group over 

the course of the 10-week experiment. (I) Abdominal fat (g) measured after the 10-week 

diet and antibiotic manipulations. (J) Fasting glucose levels were measured after 8 and 10 

weeks on a HF diet. (B – D, F, I, and J) Each dot represents one animal. Bars represent 

geometric mean. (H) Dots represent mean ± standard error of the mean. (B, C) N = 12 

mice/group. Data representative of two independent cohorts (D, F, H – J) N = 9 mice/group. 

Data representative of one independent cohort. (B-D, I - J) *, p < 0.05; **, p < 0.01; ***, p < 

0.005 using an unpaired two-tailed Student’s t test. (F) *, p < 0.05 using Mann-Whitney test. 

(H) *, p < 0.05; **, p < 0.01 using multiple unpaired two-tailed Student’s t tests.
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Figure 2. Ligilactobacillus murinus protects against adiposity during early-life consumption of a 
HF diet.
(A) Heat map showing differential abundance of the 5 most abundant families in the small 

intestine microbiota of mice after 5 weeks of treatment. (B) Relative abundance of the genus 

Lactobacillus in the small intestine microbiota as determined by 16S rRNA sequencing. (C) 

The abundance of L. murinus in the small intestine as determined by qPCR. (D) Weight 

gain and (E) abdominal fat of mice given a HF diet and LDP alone or gavaged with a 

penicillin resistant strain of L. murinus (L. murinus PenR) after 5 weeks. (F) A schematic 

representation of the gnotobiotic experiment. (G) Lactobacillus abundance (colony forming 

unit (CFU) / gram) in small intestine (SI) after 5 weeks on a HF. Dotted line indicates limit 

of detection for Lactobacillus species in this experiment. (H) Weight gain and (I) abdominal 

fat (g) of mice after 5 weeks. Each dot represents one animal. Bars represent geometric 

mean. (A) N = 5 mice/group; (B) N = 9 mice/group; (C) N = 7 – 8 mice/group; (D – E) N = 

12 mice/group; (G – H) N = 8 mice/group. Data representative of two independent cohorts. 
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*, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001 using an unpaired two-tailed 

Student’s t test.
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Figure 3. Repeated treatment with clinical doses of penicillin (CDP) and a high fat diet promote 
increased adiposity.
(A) A schematic of the experimental model and the groups used. (B) Weight gain, 

(C) percent abdominal fat, and (D) fasting glucose levels of mice after 5 weeks. (E) 

Lactobacillus abundance (Colony forming unit (CFU) / gram in the feces of treated mice 

over the course of the 5-week experiment. (F) Lactobacillus abundance in the small intestine 

was determined after 5 weeks. (A – D, F) Each dot represents one animal. Bars represent 

geometric mean. N = 12 mice/group. (E) Dots indicate geometric mean of abundances from 

six mice. *, p < 0.05; **, p < 0.01; ****, p < 0.001 using an unpaired two-tailed Student’s t 

test.
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Figure 4. Exposure to early-life antibiotics alters the response of the intestinal epithelium to a 
high fat diet.
(A) Hematoxylin and eosin-stained sections of the ileum from mice after 5 weeks of 

exposure to a LF or HF diet ± LDP. (B) Histopathology scores of ileum sections. Scale 

bar represents 200 μm. (C and D) RNA-sequencing analysis of epithelial cells isolated from 

the ileum (IECs) of mice after 5 weeks of exposure to a HF diet or a HF diet + LDP. 

(C) Volcano plot of genes significantly (an adjusted p-value < 0.05) upregulated (red) and 

downregulated (blue) in mice exposed to a HF diet + LDP compared to mice given only 

a HF diet. (D) Enriched GO (gene ontology) categories in IECs of mice fed a HF diet + 

LDP-treatment. (E) Epithelial transcripts of the indicated genes measured by qPCR in mice 

given a HF diet or a HF diet and LDP. (F) Fecal fat absorption was measured after exposure 

to a HF diet or HF diet and LDP for 5 weeks. (G - I) Mice exposed to a HF diet or a HF diet 

and LDP for 5 weeks were fasted and (G) triglyceride abundance in IECs and (H) neutral 

lipids in the serum were measured. (I) An oral fat tolerance test was performed in mice given 

a HF diet or a HF diet and LDP for 5 weeks. Serum triglyceride concentration was measured 

two hours after the bolus of olive oil. (J) Abdominal fat (g) and (K) fasting triglycerides 

of mice given a HF diet or a HF diet and LDP for 2 weeks. (B and E) Bars represent 

mean ± standard error of the mean (SEM). (F – K) Bars represent geometric mean. Each 
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dot represents one animal. (B) N = 6 mice/group. Data representative of one independent 

cohort; (C – D) N = 3 mice/group. (E) N = 14 mice/group. Data representative of 2 

independent cohorts. (F – H) N = 5–6 mice/group. Data representative of one independent 

cohort. (I) N =12 mice/group. Data representative of one independent cohort. (J– K) N = 

9 mice/group. Data representative of one independent cohort. (B)*, p < 0.05; **, p < 0.01 

using a one-tailed Mann-Whitney test. (E – K) *, p < 0.05; **, p < 0.01; ***, p < 0.005; 

****, p < 0.001 using an unpaired two-tailed Student’s t test.
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Figure 5. Loss of intestinal PPAR-γ signaling promotes increased adiposity due to exposure to 
LDP and a HF diet.
(A) Expression of Pparg in the ileum epithelium of HF diet or HF diet + LDP-treated mice 

measured by qPCR. (B) PPAR-γ abundance in the epithelium was quantified by scoring 

stained sections of the ileum. (C – D) Representative images of PPAR-γ staining in HF 

diet fed mice (C) and HF diet fed + LDP-treated mice (D). Scale bar represents 200 μm. 

(E) 3-week-old Ppargfl/flVillincre/− mice (PpargΔIEC) and littermate control Ppargfl/flVillin−/− 

mice (Ppargfl/fl) were fed a HF diet for 10 weeks and weight gain was determined weekly. 

(F) Abdominal fat (% total body weight) and (G) Lactobacillus abundance (colony forming 
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unit (CFU) / gram) in the small intestine (SI) of PpargΔIEC and Ppargfl/fl measured after the 

6-week diet and antibiotic manipulations. (H - L) Intestinal epithelial cells were infected 

with Ligilactobacillus murinus (L. murinus) at an MOI of 100. (H) Amount of BODIPY C12 

secreted by treated Caco-2 cells was measured 4 hours after addition of lipid micelles. (I) 

Immortalized mouse small intestinal epithelial (MSIE) cells were mock-treated or treated 

with E. coli Mt1B1, S. xylosus 33-ERD13C, or L. murinus, before expression of Pparg was 

measured using qPCR. (J - L) MSIE cells were treated with L. murinus (L) or left untreated 

(K) and incubated for 16 hours. Cells were subsequently stained with anti-PPAR-γ and 

phalloidin to stain for F-actin. (J) PPAR-γ nuclear intensity was quantified using ImageJ; 

15 cells were selected from 2 images from 3 independent experiments. (M - O) Germ-free 

mice were colonized with a defined microbiota with or without L. murinus and placed 

on a HF diet for 5 weeks. (M) PPAR-γ abundance in the epithelium was quantified by 

scoring stained sections of the ileum. Representative images of PPAR-γ staining in mice 

colonized with (O) or without (N) L. murinus. Scale bar represents 200 μm. (A, F, G) 

Each dot represents one animal. Bars represent geometric mean. N = 5 – 7 mice/group. 

(B and M) Each dot represents one animal. Bars represent mean. N = 6 – 7 mice/group. 

Data representative from one independent cohort. (E) Dots represent mean +/− SEM (N 

= 8 – 9/ genotype). (H and I) Each dot represents one technical replicate (Data shown 

from 3 biological replicates). Bars represent geometric mean. (J) Violin plot showing the 

distribution of PPAR-γ nuclear intensity (n = 90 cells). (A, G, H, I, J) *, p < 0.05; **, p < 

0.01; ***, p < 0.001; ****, p < 0.0001 an unpaired two-tailed Student’s t test. (B, M) *, p < 

0.05 using a two-tailed Mann-Whitney test. (E) *, p < 0.0332 using a two-way ANOVA with 

Šídák’s multiple comparisons test. (F) *, p < 0.05 using a one-way ANOVA with Šídák’s 

multiple comparisons test.
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Figure 6. Exposure to a HF diet and LDP depletes phenyllactic acid, an activator of intestinal 
PPAR-γ, from the small intestine.
(A and B) Untargeted metabolomics was performed on ileum content from mice given 

a HF diet or a HF diet + LDP (N = 5/phenotype). (A) Heat map clustering of the 

experimental sample groups and metabolites. Samples (columns) are clustered by group 

and relative abundance (rows) across different groups, ordered from low (blue) to high (red) 

abundance. (B) Normalized relative abundance, as determined by untargeted metabolomics, 

of phenyllactic acid (PLA) in the small intestine content of mice fed a HF diet or a HF diet + 

LDP-treated. (C) Concentration (pmol/mg of intestinal content) of PLA in the small intestine 

of germ-free (GF) and conventional mice fed a HF diet for 5 weeks. (D) Concentration 

(μM) of PLA in supernatants from defined microbiota cultures lacking or containing L. 
murinus. (E) Concentration (μM) of PLA in the supernatant of lactic acid bacteria grown in 

cell culture media. (F) Concentration (pmol/mg of intestinal content) of PLA in the small 

intestine of mice. Dotted line indicates limit of detection = 0.025 pmol/mg. (G) Mouse 

enteroids were treated with either 10 μM Rosiglitazone or 5 mM PLA or left untreated. (H 

and I) Immortalized mouse small intestinal cells were treated with 5 mM PLA (F) or left 
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untreated (E). Cells were subsequently stained with anti-PPAR-γ and phalloidin to identify 

F-actin. (J) PPAR-γ nuclear intensity was quantified using ImageJ; 15 cells were selected 

from 2 images from 3 independent experiments. (K) Amount of BODIPY C12 secreted by 

treated Caco-2 cells was measured 6 hours after addition of lipid micelles. (B, C,) Each dot 

represents one animal. Lines represent geometric mean. (F) Each dot represents one animal. 

Lines represent mean. (B, C, and F) Data represents one independent cohort. N = 5 or 6 

mice/group. (D- E) Each dot represents a biological replicate. Lines show geometric mean. 

(G) Each dot represents one technical replicate. Data shown from three biological replicates. 

Lines show geometric mean. (J) Violin plot showing the distribution of PPAR-γ nuclear 

intensity (n = 90 cells). (K) Each dot represents one technical replicate. Data shown from 

three biological replicates. Lines show geometric mean. *, p < 0.05; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001 using an unpaired two-tailed Student’s t test.
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Figure 7. Phenyllactic acid upregulates intestinal PPAR- γ and inhibits HF + LDP induced 
metabolic dysfunction
(A) Concentration (pmol/mg of intestinal content) of PLA in the small intestine of mice. 

Dotted line indicates limit of detection = 0.025 pmol/mg. (B) Sections from the ileum of 

HF diet mice given 10 mM PLA in their drinking water and/or LDP for 5 weeks were 

stained for PPAR-γ. Scale bar represents 200 μm. (C) PPAR-γ abundance in the epithelium 

was quantified by scoring blinded sections of the ileum. (D) Abdominal fat (% total body 

weight) and (E) weight gain of mice measured after 5-week on a HF diet ± PLA ± LDP. 

(F) Representative images of oil red O-stained sections of the liver. Scale bar represents 100 

μm. (G) Combined oil red scores from livers of mice after 5 weeks of treatment. (A, G) N 

= 6 mice/group. (C – E) N =12 mice/group. (A, C – E, G) Each dot represents one animal. 

Lines represent geometric mean. Data representative of two independent cohorts. (A, D, and 

E) *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 using an unpaired two-tailed 

Student’s t test. (C and G) *, p < 0.05; **, p < 0.01 using Mann-Whitney test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-PPAR-γ Santa Cruz Biotechnology Cat #: sc-7273

Goat anti-mouse IgG Alexa Fluor 488 Thermo Fisher Scientific Cat #: A-11001

Bacterial and virus strains

Ligilactobacillus murinus This study CS010

Muribaculum intestinale DSMZ YL27

Clostridium clostridioforme DSMZ YL32

Clostridium sporogenes DSMZ B-CC-163–3B

Streptococcus daniellae ERD01G DSMZ ERD01G

Staphylococcus xylosus 33-ERD13C DSMZ 33-ERD13C

Escherichia coli Mt1B1 DSMZ Mt1B1

Ligilactobacillus murinus PenR This study CS052

Ligilactobacillus murinus DSMZ M-6244–3B

Lacticaseibacillus rhamnosus ATCC Cat #: 53103

Lactobacillus acidophilus ATCC Scav; Cat #: 4356

Bifidobacterium longum subsp. animalis DSMZ YL2

Chemicals, peptides, and recombinant proteins

Difco Lactobacilli MRS agar Becton Dickinson Cat #: 288210

Difco Lactobacilli MRS broth Becton Dickinson Cat #: 288130

Penicillin V potassium salt Sigma Cat #: P1382

D-(+)-3-phenyllactic acid Sigma Cat #: 376906

Difco LB broth Becton Dickinson Cat #: 244620

Difco Brain Heart Infustion agar Becton Dickinson Cat #: 241830

Bacto Yeast Extract Becton Dickinson Cat #: 212750

Bacto Tryptic soy broth Becton Dickinson Cat #: 211825

Dipotassium hydrogen phosphate Fisher Chemicals Cat #: P288

Hemin Sigma Cat #: 51280

D(+)-Glucose Acros Organics Cat #: 41095

Sodium carbonate Fisher Chemicals Cat #: 5263

(L) – cysteine Sigma Cat #: 168149

Menadione Sigma Cat #: 47775

Heat-Inactivated Fetal Bovine Serum Gibco Cat #: 16140–071

RPMI 1640 Medium Gibco Cat #: 11875093

Recombinant Mouse IFN-gamma Protein R&D Systems Cat #: 485-MI-100

Penicillin-Streptomycin Gibco Cat #: 15140122

ITS Liquid Media Supplement Sigma Cat #: I3146

Minimal Essential Media Gibco Cat #: 11095–080

Cell Host Microbe. Author manuscript; available in PMC 2024 October 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shelton et al. Page 45

REAGENT or RESOURCE SOURCE IDENTIFIER

Glutamax Gibco Cat #: 35050–061

Nonessential amino acids Gibco Cat #: 11140–050

Sodium pyruvate Gibco Cat #: 11360070

Trypsin-EDTA (0.05%) Gibco Cat #: 25300054

Primocin InvivoGen Cat #: ant-pm-1

Dithiothreitol Acros Organics Cat #: 16568

EDTA Sigma Cat #: E5134

EGTA Sigma Cat #: E3889

Matrigel Membrane matrix Corning Cat #: 354234

Intesticult Organoid Growth Medium (Mouse) STEMCELL Technologies Cat #: 06005

Y-27632 dihydrochloride TOCRIS Cat #: 1254

Rosiglitazone Sigma Cat #: R2408

O.C.T. Compound Fisher Chemicals Cat #: 4585

iQ SYBR Green Supermix BioRad Cat #: 1708880

Bile salts Sigma Cat #: B8756

Lipid mixture Sigma Cat #: L0288

TRIzol Reagent Invitrogen Cat #: 15596026

QIAzol Lysis Reagent Qiagen Cat #: 79306

BioRad Protein Reagent BioRad Cat #: 5000006

Tyloxapol Sigma Cat #: 1704003

GW9662 Sigma Cat #: M6191

Oleic acid Sigma Cat #: O1008

Sodium taurocholate Sigma Cat #: T4009

2-mono-oleoylglycerol Sigma Cat #: M7765

Cholesterol Sigma Cat #: C8667

L-a-lysophosphatidylcholine Sigma Cat #: L4129

BODIPY 558/568 C12 Invitrogen Cat #: D3835

HEPES Gibco Cat #: 15630–080

Paraformaldehyde Electron Microscopy Sciences Cat #: 15710–5

Triton X-100 Acros Organics Cat #: 327372500

Alexa Fluor 647 Phalloidin Invitrogen Cat #: A22287

ProLong Diamond Antifade Mountant with DAPI Invitrogen Cat #: P36971

Butyric acid, sodium salt Acros Organics Cat #: 263191000

DL-3-phenyllactic Acid-d3 Toronto Research Chemicals Cat #: P335567

DL-3-phenyllactic acid Toronto Research Chemicals Cat #: H953713

Critical commercial assays

Total RNA Purification Kits Norgen Biotek Corp. Cat #: 37500

Oil Red O, Propylene Glycol staining kit Newcomer Supply Cat #: 12772

DNeasy PowerSoil Kit Qiagen Cat #: 47014
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REAGENT or RESOURCE SOURCE IDENTIFIER

PureLink Genomic DNA Mini Kit Invitrogen Cat #: K182001

iScript gDNA Clear cDNA synthesis kit BioRad Cat #: 1725034

NEBNext® Ultra™ II Directional RNA Library Prep Kit for Illumina New England BioLabs Inc. Cat #: E7760

Lipid Quantification Kit Cell BioLabs, Inc. Cat #: STA-617

Serum Triglyceride Quantification kit Cell BioLabs, Inc. Cat #: STA-396

Free Fatty Acid Assay Kit Cell BioLabs, Inc. Cat #: STA-618

Total Cholesterol Assay Kit Cell BioLabs, Inc. Cat #: STA-384

Bond Refine Polymer detection system Leica Biosystems Cat #: DS9800

Luciferase Assay System Promega Cat #: E1500

Deposited data

16S rRNA sequencing of distal small intestine contents European Nucleotide Archive ENA: PRJEB52997

RNA sequencing of distal small intestine epithelial cells European Nucleotide Archive ENA: PRJEB53157

Untargeted metabolomics of distal small intestine contents Metabolomics Workbench ST002186

Experimental models: Cell lines

Mouse: small intestinal cells from H-2Kb-tsA58 transgenic mice Whitehead et al., 1993) MSIE

Human: Caco-2 cells ATCC HTB-37

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(Vil1-cre)997Gum/J The Jackson Laboratory JAX: 004586

Mouse: B6.129-Ppargtm2Rev/J The Jackson Laboratory JAX: 004584

Mouse: Ppargfl/flVillincre/- Byndloss et al., 2017 N/A

Mouse: C57BL/6NCrl Charles River Laboratory CRL: 027

Mouse: Germ-free C57Bl/6N In-house colony N/A

Oligonucleotides

Information regarding oligonucleotides used in this study is listed in Table S2.

Recombinant DNA

PPRE x3-TK-Luc Addgene Plasmid #: 1015

Software and algorithms

Excel Microsoft N/A

Prism 9 (Version 9.2.0) Graphpad
https://
www.graphpad.co
m/features

QIIME2 (version 2022.2) N/A https://qiime2.org/

STAR (v2.7.3a) (Dobin et al., 2013) https://github.com/
alexdobin/STAR

featureCounts (v2.0.0) (Liao et al., 2014)
https://
subread.sourceforg
e.net/

DESeq2 (v.1.24.0) (Love et al., 2014)

http://
bioconductor.org/
packages/release/
bioc/html/
DESeq2.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

WebGestaltR (v0.4.4) N/A
https://
www.webgestalt.or
g/

Progensis QI v. 3.0 Non-linear Dynamics, Water 
Corporation

https://
www.nonlinear.co
m/progenesis/qi/
v3.0/download/

Metaboanalyst 5.0 N/A

https://
www.metaboanalys
t.ca/
MetaboAnalyst/
home.xhtml
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