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SUMMARY
Alterations in the microbiome correlate with improved metabolism in patients following bariatric surgery.
While fecal microbiota transplantation (FMT) from obese patients into germ-free (GF) mice has suggested
a significant role of the gut microbiome in metabolic improvements following bariatric surgery, causality
remains to be confirmed. Here, we perform paired FMT from the same obese patients (BMI > 40; four
patients), pre- and 1 or 6 months post-Roux-en-Y gastric bypass (RYGB) surgery, into Western diet-fed
GF mice. Mice colonized by FMT from patients’ post-surgery stool exhibit significant changes in microbiota
composition and metabolomic profiles and, most importantly, improved insulin sensitivity compared with
pre-RYGB FMT mice. Mechanistically, mice harboring the post-RYGB microbiome show increased brown
fat mass and activity and exhibit increased energy expenditure. Moreover, improvements in immune homeo-
stasis within the white adipose tissue are also observed. Altogether, these findings point to a direct role for
the gut microbiome in mediating improved metabolic health post-RYGB surgery.
INTRODUCTION

Obesity, metabolic syndrome, and type 2 diabetes (T2D) have

reached alarming epidemic levels globally. Obesity is a multifac-

torial and complex disease, influenced by host biology, genetics,

and environmental factors. For the most severe cases of obesity

(body mass index [BMI] > 40 or >35 with associated co-morbid-

ities), bariatric surgery, specifically, the Roux-en-Y gastric

bypass (RYGB), is still the mainstay treatment to induce durable
Cell R
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improvement.1,2 Bariatric surgery achieves both rapid and

sustained weight loss and can reduce the requirement for

medications used for T2D andmetabolic syndrome.1–3 However,

the underlying mechanism for reversing insulin resistance

remains elusive. While the beneficial effects of bariatric surgery

were first attributed to the greatly reduced size of the stomach

and intestinal absorptive surface exposure for nutrients, it was

later found that the altered surgical intestinal anatomy brought

about additional changes that contributed to the improvement
eports Medicine 4, 101051, May 16, 2023 ª 2023 The Author(s). 1
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in metabolism and weight loss. These changes include the exag-

gerated release of glucagon-like peptide-1 (GLP-1) and peptide

YY (PYY) from intestinal L cells,4,5 both acting synergistically on

pancreatic islets to restore glucose-stimulated insulin secre-

tion4,6,7 and on brain centers to improve sensitivity to satiety

hormones to reduce food intake,8,9 as well as alterations in

nutrient sensing10 and bile acid metabolism.11 Bariatric surgery

also changes the expression profile of miRNAs in pancreatic is-

lets and improves glucose-mediated insulin secretion.7 Notably,

bariatric surgery profoundly changes the composition and func-

tional output of the gut microbiota,12,13 which are thought to

mediate certain metabolic improvements in patients post-

surgery.

The gut microbiota can influence the efficiency of energy har-

vest from ingested nutrients and fat storage by the host, which

are both upregulated by the gut microbiota of obese

subjects.14–16 These characteristics of the gut microbiota can

be transferred to recipient humans or mice by fecal microbiota

transplantation (FMT), inducing reversible transmission of the

obesity phenotype.14–19 Interestingly, FMT from mice subjected

to RYGB into germ-free (GF) recipient mice show that the RYGB-

associated microbiota independently triggers a decrease in the

recipients’ weight as well as their adiposity.20 In studies of

human FMT into GF mice, the post-RYGB surgery stool from

obese subjects was also shown to promote a reduction in fat

deposition21 and improvement in blood glucose control and

diabetes resolution in recipient animals.22,23 While these impor-

tant studies support a link between gut microbiota changes and

an improvement in certain aspects of host physiology following

bariatric surgery, the well-known heterogeneity of obesity-asso-

ciated metabolic parameters, compounded by the even more

complex heterogeneity of the gut microbiota, has limited the

ability to formulate causal inferences and restricted any mecha-

nistic understanding of how the gut microbiota promotes these

changes.

Here, we circumvent inherent limitations of previous experi-

mental strategies by performing paired FMT from the same

obese patient (BMI > 40) pre- and post-RYGB surgery into GF

mice, thereby eliminating potential interindividual variation.

Moreover, we challenged pre- and post-surgery colonized

mice to an established preclinical obesity/T2D model by feeding

animals a Western-style diet (WD). As expected, RYGB surgery

altered the composition of the gut microbiota in patients as

well as in colonized mice receiving these stools compared with

animals harboring pre-surgery microbiota. Concomitant

changes in metabolites were also observed. Strikingly, we found

that FMTs from the same patient pre- and post-surgery

conferred the transfer of insulin-resistant and insulin-sensitive

phenotypes, respectively, and that the improved glucose

homeostasis mediated by the post-surgery FMT was associated

with increased brown fat mass and activity, increased energy

expenditure, and a reduced inflammatory environment within

the visceral white adipose tissue. Taken together, these findings

demonstrate a direct role of the gut microbiota in modulating

metabolic parameters post-RYGB surgery and give support to

the use of prebiotics or probiotics, as well as healthy human

FMT applications, to improve metabolism in obese individuals,

with the ultimate goal of avoiding the need for surgery.
2 Cell Reports Medicine 4, 101051, May 16, 2023
RESULTS

RYGB surgery results in improved clinical parameters in
obese patients
We aimed to test the effects of RYGB surgery on the gut micro-

biota and whether alterations in the gut microbiota of patients

after bariatric surgery were an important factor in metabolic

improvement. Four morbidly obese individuals who had a

mean age of 47 years (SD ± 13) and a BMI of 45.1 kg/m2 (SD ±

3.9) were selected, and three of the four patients were female.

According to Diabetes Canada guidelines, three of the four pa-

tients had a prediabetic or diabetic status; further clinical data

can be found in Table 1. Fecal samples were collected prior to

bariatric surgery and at 1 (patients T12, T73, and T79) or 6 (pa-

tient T41) months post-RYGB (see Figure 1A). Overall, BMI

significantly decreased post-RYGB in all four participants, and

fasting glucose as well as homeostatic model of assessment of

insulin resistance (HOMA-IR) also significantly decreased. There

were no significant improvements in HbA1c in those whose sam-

ples were collected at 1 month post-RYGB. However, in the

individual from whom the sample was collected at 6 months

post-RYGB, HbA1c did significantly improve (Table 1). This is

likely because HbA1c reflects average blood glucose levels of

2–3 months24 and therefore the impact of bariatric surgery is

not seen at 1 -month post-RYGB. In addition, these four individ-

uals were representative of the range of metabolic derange-

ments in the general bariatric population with regard to clinical

and biochemical parameters (Table S1).25,26

WD-fed mice colonized with patients’ post-RYGB fecal
samples show restoredmetabolic health comparedwith
mice receiving pre-surgery samples
We next asked whether the improvements in metabolic health

of these patients following RYGB surgery could be mediated

to some degree by surgery-induced alterations in the compo-

sition of the gut microbiota. To test this, we employed GF

mice colonized with fecal samples from patients, since this

approach is most commonly used for establishing a causal

role of microbiome alterations in human disease. Fecal sam-

ples from the same patient pre- (and prior to commencing a

low-calorie diet) and post-surgery were gavaged into cohorts

of GF mice. We then tested whether alterations in the gut mi-

crobiota after surgery could improve metabolic outcomes

compared with those mice receiving the paired samples prior

to surgery (Figure 1A). GF mice were first ‘‘primed’’ on a WD

(34% sucrose and 22% fat by weight) for 10 weeks and

then maintained on this diet for an additional 12 weeks after

the FMT (Figure 1B). While there was a trend of post-surgery

FMT mice exhibiting less body weight compared with pre-sur-

gery FMT mice, overall, there were no significant differences

in body weight between the two groups (Figure S1A). The

different organ weights also did not differ between the mouse

groups (Figure S1A).

Next, we performed intraperitoneal insulin tolerance tests

(ITTs) and intraperitoneal glucose tolerance tests (IPGTTs) to

evaluate whole-body insulin sensitivity comparing the two

mouse groups. In the ITT, the blood glucose levels for patient

T41 were significantly lower in the post-RYGB FMT mice



Table 1. Patients’ clinical parameters before and after bariatric surgery

Parameter

Patient donor

T12 T41 T73 T79

Age (years) 27 56 54 51

Gender female male female female

Baseline

Weight (kg) 152.41 123.6 118.2 115

BMI (kg/m2) 50.34 42.77 45.60 41.63

T2D diagnosisa prediabetes T2D T2D no

T2D medications none insulin 40 U/day, gliclazide

60 mg/day, Janumetb 23/day

none none

HbA1c 0.060 0.071 0.065 0.055

Fasting glucose (mmol/L) 4.8 9.7 7.0 5.7

HOMA-IRc N/A 15.3 8.8 6.4

1 or 6 months post-RYGB

Fecal sample post-RYGB (used for FMT) 1 month 6 months 1 month 1 month

BMI (kg/m2) 43.9 31.8 39.79 37.45

HbA1c 0.060 0.054 0.065 0.053

Fasting glucose (mmol/L) 4.4 4.5 5.8 4.8

HOMA-IR 3.7 4.9 2.8 1.7

T2D medications none insulin 10 U/day none none

BMI, body mass index; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model of assessment of insulin resistance; T2D, type 2 diabetes; N/A, sam-

ples at this time point were not taken.
aDiabetes Canada definitions for diabetes, fasting blood glucoseR 7mmol/L, HbA1cR6.5%; and prediabetes, fasting blood glucose 6.1–6.9mmol/L,

HbA1c 6.0%–6.4%.
bJanumet (50 mg sitaglyptin/1,000 mg metformin).
cHOMA-IR: <1.0 is insulin sensitive, >1.9 is early insulin resistance, >2.9 is significant insulin resistance.
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compared with pre-RYGB FMT mice after intraperitoneal insulin

injection (Figure 1C), which was also similar for the other three

patients (Figure S1B). Area under the curve (AUC) in the post-

RYGBFMTmice for all four of the patients was significantly lower

than in the pre-RYGB FMT group (Figures 1D and S1C). With the

IPGTT tests, WD-fed post-RYGB FMT mice for patient T41

showed a significant improvement in glucose tolerance

compared with mice with pre-surgery FMT after glucose injec-

tion (Figure 1E), which again was more or less similar to that

observed for mice receiving post-surgery FMT from the three

other patients (Figure S1D). Also similar to what we observed

during the ITT test, the AUC was lower in post-RYGB FMT

mice with each patient sample compared with pre-RYGB FMT

mice (Figures 1F and S1E). Notably, pre-RYGB FMT mice dis-

played higher levels of insulin than post-RYGB FMT mice

(Figures 1G, 1H, S1F, and S1G), indicating that mice receiving

the pre-RYGB stool were hyperinsulinemic, reflecting an insu-

lin-resistant state.27 We then explored whether the increased

insulin levels in pre-RYGB FMT mice were due to an increase

in b cell mass or increased secretory capacity of each b cell. Be-

tween the pre- and post-RYGB FMTmice, we saw no significant

changes in islet number/pancreatic area, b cell area/pancreatic

area, or HOMA-b cell (Figures S1H–S1K). This suggests that

the reduced blood insulin levels post-RYGB were likely attrib-

uted to the overall improvement in insulin sensitivity that resulted

in a reduction in insulin secretory demand. Overall, these data

suggest that the post-RYGB microbiota was able to restore
normal glucose regulation and insulin sensitivity in the WD-fed

mice, despite not altering body weight compared with that of

pre-RYGB FMT WD-fed mice.

Post-RYGB FMT increased energy expenditure and was
associated with an increase in brown adipose tissue
mass and activity in WD-fed mice
We next determined if the enhanced insulin sensitivity in post-

RYGB FMT mice could be attributed to an increase in energy

expenditure as a potential mechanism. Accordingly, mice were

analyzed using metabolic cages to quantify energy expenditure,

which include the following parameters: oxygen consumption

(VO2), respiratory exchange ratio (RER), and heat production.

As shown in Figures 2A and 2B, the post-RYGB FMT mice had

improved energy expenditure compared with the pre-RYGB

FMT mice, as reflected by higher oxygen consumption and

increased heat production. With themouse cohorts representing

individual patients, there was a trend for the volume of oxygen

consumption and heat production to be higher in post-RYGB

mice (Figures S2A and S2B). The RER of the combined post-

RYGB FMT mice was significantly higher than in the pre-RYGB

FMT mice (Figure 2C), a trend also observed in mouse cohorts

representing individual patients (Figure S2C), suggesting that

these animals were better at metabolizing sugars/carbohydrates

and possibly micronutrients than the pre-RYGB FMTmice. Food

and water intake did not differ between the two groups

(Figures S2D and S2E).
Cell Reports Medicine 4, 101051, May 16, 2023 3
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Figure 1. Improved metabolic outcomes in mice receiving stool samples from patients post-RYGB surgery

(A) Fecal samples were collected from four morbidly obese human patients before and 1 or 6 months after RYGB surgery.

(B) Experimental design: germ-free (GF) mice were maintained on a Western diet (WD; 21% fat and 34% sucrose by weight) for 10 weeks, transplanted with pre-

or post-RYGB surgery fecal samples from four obese patients (T12, T41, T73, and T79), and maintained on the WD for 12 subsequent weeks in the GF facility.

Metabolic testing was then performed, followed by sacrifice and tissue collection.

(C) Representative intraperitoneal insulin tolerance test (ITT) kinetic plot. ITT was performed onWD-fed pre- and post-RYGB FMTmice (from patient T41) at week

13 (after FMT). Mice were fasted for 4 h and then injected intraperitoneally with insulin (1.5 IU/kg body weight) (pre n = 8, post n = 5). Blood samples were taken

from the tail vein of the same animals at the times indicated, and blood glucose concentration was determined as indicated in STAR methods.

(D) Combined area under the curve (AUC) of blood glucose levels from ITT. AUCwas calculated for mouse cohorts of the individual patients and then combined to

show values for the mouse cohorts for all four patients. Each dot represents one mouse/biological replicate (pre n = 28, post n = 23).

(E) Representative intraperitoneal glucose tolerance test (IPGTT) kinetic plot. IPGTT test was performed in WD-fed mice colonized with pre- or post-RYGB

microbiota from patient T41 at week 14 (after FMT). Mice were fasted for 16 h, and glucose (1.5 mg/g body weight) was then administered intraperitonially. Blood

glucose levels were measured at the indicated time points after glucose injection (pre n = 8, post n = 5).

(F) Combined AUC for blood glucose from IPGTT. AUCwas calculated for the individual mouse cohorts representing one patient and combined to show values for

the mouse cohorts of all the four patients. Each dot represents one mouse/biological replicate (pre n = 28, post n = 23).

(G) Blood samples were collected at 0, 15, 60, and 120 min during IPGTTs, and serum insulin levels were measured by ELISA (pre n = 8, post n = 5).

(H) AUC from insulin values from IPGTT. Each dot represents one mouse/biological replicate (pre n = 28, post n = 23). Data displayed as mean ± SEM. Statistical

significance was calculated using two-tailed unpaired t test; *p < 0.05, ***p < 0.0005, ****p < 0.0001.
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A major contribution to the increase in energy expenditure is

non-shivering thermogenesis generated by brown adipose tis-

sue (BAT),28 which we therefore assessed next. To measure

BAT thermogenic activity, we measured the uptake of [18F]fluo-

rodeoxy-D-glucose (FDG) into the BAT after acute cold exposure

(see STAR Methods), detected by positron emission tomogra-
4 Cell Reports Medicine 4, 101051, May 16, 2023
phy (PET). Co-registration of the PET images with the computed

tomography (CT) images allowed a comparison of the volume of

[18F]-FDG uptake versus the total body mass.29 Notably, mice

colonized with the post-RYGB microbiota following 14 weeks

of WD had a much higher [18F]-FDG uptake into the BAT than

the mice receiving the pre-RYGB FMT (Figures 2D, 2E, S2F,
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B C Figure 2. Post-RYGB microbiota increased

heat production and interscapular brown ad-

ipose tissue in Western-diet-fed mice

Metabolic cage studies were performed in pre- and

post-RYGB FMT mouse groups in CLAMP meta-

bolic cages at week 15 after FMT. Mice were

housed in the metabolic cage chambers for 48 h,

with the first 24 h being to familiarize the animals to

their new environment. Data shown are from the

second 24-h period.

(A) Oxygen consumption normalized to body

weight. Each dot represents one mouse/biological

replicate (pre n = 14, post n = 11).

(B) Heat (energy expenditure) normalized to body

weight. Each dot represents one mouse/biological

replicate (pre n = 14, post n = 11).

(C) Respiratory exchange ratio (RER) was calcu-

lated as the ratio of carbon dioxide production

volume to oxygen consumption volume. Each dot

represents one mouse/biological replicate (pre n =

14, post n = 11).

(D) Micro-PET/CT imaging of BAT in mice after

overnight (14–16 h) cold treatment (4�C). A view of

the fused PET/CT image using [18F]FDG ([18F]-flu-

orodeoxy-D-glucose) is shown for pre- and post-

RYGB FMT mice. The area in the red box corre-

sponds to interscapular brown adipose tissue.

Note the large increase in [18F]-FDG accumulation

in the BAT.

(E) Quantitative analysis of [18F]FDG uptake in the BAT. Values of percentage injected dose per gram of tissue (%ID/g) are presented. Each dot represents one

mouse/biological replicate (pre n = 20, post n = 17).

(F) Weight of isolated interscapular BAT frompre- and post-RYGB FMTmice Each dot represents onemouse/biological replicate (pre n = 20, post n = 17). Data

displayed as mean ± SEM. Statistical significance was calculated using two-tailed unpaired t test; **p < 0.005, ***p < 0.0005, ****p < 0.0001.
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and S2G), thus providing visual evidence of increased thermo-

genesis of BAT in the post-RYGB FMT mice. Along with its

increased activity, the interscapular BAT weight was also signif-

icantly increased in post-RYGB FMT mice compared with pre-

RYGB FMT mice (Figures 2F and S2H), likely contributing to

the increased energy expenditure in post-RYGB FMT mice.

We then further assessed the interscapular BAT to explain the

BAT activity. Brown adipocytes are characterized by the pres-

ence of multiple lipid droplets and numerous mitochondria that

abundantly express uncoupling protein 1 (UCP1), an essential

protein for thermogenesis.28,30 These lipid droplets shrink, and

UCP1 is upregulated as BAT activity increases. Since the post-

RYGB FMT in WD-fed mice significantly improved insulin

sensitivity (Figure 1) and increased energy expenditure

compared with mice receiving the pre-RYGB FMT (Figure 2B),

we next investigated the role of the microbiota in altering BAT

morphology as well as its activity at the tissue level. We first

compared the size of lipid droplets in BAT and found that BAT

from post-RYGB FMT mice contained smaller lipid droplets

than pre-RYGB BAT (Figures 3A, 3B, and S3A). We next per-

formed immunohistochemical staining for UCP1 expression in

BAT and noted that the area of UCP1 staining was higher in

the post-RYGB FMT mice compared with the pre-RYGB FMT

mice (Figures 3C, 3D, and S3B). These findings are in line with

the idea that higher expression of UCP1 in the BAT of WD-fed

mice receiving the post-RYGB microbiota may be contributing

to the increased energy expenditure and insulin sensitivity in

these animals. Collectively, these data indicate that the effects
of post-RYGB microbiota on BAT mass and activity can

contribute to an improvement in metabolic health even under

conditions of continued WD feeding.

Visceral adipose tissue from mice colonized with post-
RYGB FMT exhibited reduced inflammation
Visceral adipose tissue (VAT), particularly when inflamed, can

promote the development of systemic insulin resistance.31,32

We therefore analyzed the effects of pre- or post-RYGB FMT

on VAT inflammation in WD-fed mice. VAT mass and size of

adipocytes were not different between the two groups of mice

(Figures S3C and S3D). Nevertheless, gene expression analysis

of markers that reflect inflammatory and regulatory environ-

ments within adipose tissue33 showed that VAT from the

post-RYGB FMT mice had a reduced inflammatory signature,

with decreased expression of Tnf-a, Ccl2 (also known as mono-

cyte chemoattractant protein 1, MCP-1), and Elane (neutrophil

elastase), compared with those mice receiving the pre-RYGB

microbiota (Figure 3E). Reduced expression of Tnf-a and Elane

was also observed in the subcutaneous adipose tissue (SAT) in

the post-RYGBmice (Figure S3E). We did not observe any differ-

ences inAdgre1, Il1b,Nos, or Il10 expression in the VAT between

the two groups (Figures S3G and S3H).

Also key in controlling obesity-related inflammation, as well as

the energy status of the host, Sirtuin-1 (encoded by Sirt1) can

diminish inflammation by suppressing NF-kB activation,34 and

it has been shown to protect against diet-induced metabolic

dysfunction in adipocytes.35,36 Consequently, we examined the
Cell Reports Medicine 4, 101051, May 16, 2023 5
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Figure 3. Microbiota from patients post-RYGB transplanted into mice leads to improvement in brown adipose tissue (BAT) and visceral

adipose tissue (VAT) health

(A) Representative hematoxylin and eosin-stained sections of BAT of mice receiving fecal microbiota transplanted from patients pre- and post-RYGB. Scale bars,

50 mm.

(B) Frequency distribution of the surface area of the lipid droplets in BAT from (A). Each dot represents one mouse/biological replicate (pre n = 15, post n = 11).

(C) Representative immunohistochemical images for uncoupling protein 1 (UCP1; brown stain) in BAT of mice receiving pre- and post-RYGB FMT from individual

patients. Scale bars, 50 mm.

(D) CellProfiler was used to quantify relative UCP1-positive area in BAT of pre- and post-RYGB FMTmice. Data are represented as UCP1-positive area relative to

UCP1 area plus lipid droplet area in order to exclude background and other inconsistent tissue features. Each dot represents one mouse/biological replicate (pre

n = 14, post n = 12).

(E) The relative expression levels of inflammatory genes and Sirt1 in VAT of mice receiving pre- and post-RYGBmicrobiota from individual patients measured by

qRT-PCR.

(F) Expression of T regulatory (Treg) and Th2-associated markers was analyzed in VAT of mice receiving pre- and post-RYGB microbiota of individual patients

measured by qRT-PCR. Each dot represents one mouse/biological replicate (pre n = 24–25, post n = 21–23). Data displayed as mean ± SEM. Statistical sig-

nificance was calculated using two-tailed unpaired t test; *p < 0.05, **p < 0.005, ****p < 0.0001; ns, not significant.
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expression of the Sirt1 gene by qPCR in VAT and SAT. Interest-

ingly, and compared with pre-RYGB FMT mice, we detected a

significant upregulation of Sirt1 mRNA expression in VAT as

well as SAT of post-RYGB FMT mice compared with pre-

RYGB FMT mice (Figures 3E and S3E). Taken together, reduced

inflammatory signaling and upregulation of Sirtuin-1 expression

in the white adipose tissue may contribute to the systemic in-

crease in insulin sensitivity that we see in these animals.

Since inflammation in adipose tissue is accompanied by a

reduction in resident regulatory T cells (Tregs) and group 2 innate

lymphoid cells (ILC2s), which can contribute to obesity-associ-

ated adipose dysfunction and insulin resistance,37 we further

looked at the expression of genes important in these pathways.

We found that expression of Il33 and St2l (the receptor for IL-33)

was higher in the VAT of WD-fed mice colonized with the post-

RYGB microbiota compared with the pre-RYGB FMT mice

(Figure 3F), suggesting a possible effect on numbers and func-

tionality of ILC2s.38 Expression of Il2ra, which is regulated by
6 Cell Reports Medicine 4, 101051, May 16, 2023
IL-33 and highly expressed by Tregs,39,40 was also increased

in the VAT of mice harboring the post-RYGB microbiota (Fig-

ure 3F). These observations are consistent with the reduced in-

flammatory cytokine environment (Figure 3E). On the other

hand, the expression of sSt2, which is the decoy receptor of

IL-33 and attenuates its signaling, was not different between

pre- and post-RYGB FMT mice (Figure 3F). Expression of the

cytokines IL-5 and IL-13 was not detected (data not shown).

No difference in expression of these markers between pre- and

post-RYGB FMT mice was observed in the SAT (Figure S3F).

We also did not observe any difference in the expression of beig-

ing markers (Ucp1,Cox8b, and Pat2) in the VAT between the two

groups (Figure S3I), which may be explained by the fact that we

did not expose the animals to cold prior to euthanasia, and beig-

ing marker expression is induced upon these conditions.41

Taken together, these findings indicate that VAT from post-

RYGB FMT mice is in a reduced inflammatory state compared

with mice colonized with the pre-RYGB microbiota, and the
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Figure 4. Alterations in the composition of the intestinal microbiota are observed in mice receiving fecal microbiota transplants (FMTs) from

pre- and post-RYGB stool obtained from four obese patients

(A) Bray-Curtis PCoA plot shows change in community structure of pre- and post-RYGB surgery in each patient. Each dot or square represents one biological

replicate (pre n = 4, post n = 4).

(B) Relative abundances of bacteria phyla in pre- and at 1 or 6 months post-RYGB surgery for the four human patient fecal samples (pre n = 4, post n = 4).

(C) Alpha diversity measurement (Shannon index) of the microbiota from fecal samples pre- and post-RYGB surgery in each patient (pre n = 4, post n = 4).

(D) Alpha diversity (Shannon index) between pre- and post-RYGB FMT microbiota in mice for each patient. Each dot represents one mouse/biological replicate

(pre n = 4–6, post n = 3–6 per patient). Data displayed as mean ± SEM.

(legend continued on next page)

Cell Reports Medicine 4, 101051, May 16, 2023 7

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
enhanced expression of regulatory pathway components may

reflect better local homeostasis within the tissue.

Changes in microbiota composition observed in obese
patients post-RYGB surgery are partially reflected in
mice colonized with the post-RYGB stool
To determine if bacterial composition of the microbiota was

altered in patients post-RYGB surgery and to examine if there

were common signatures in mouse cohorts colonized with these

fecal samples, DNA was extracted, and compositional analysis

was done by sequencing of the 16S rRNA gene. Sequences

per sample ranged from 22,666 to 137,137, and the average

number of sequences per sample was 42,817 (Figure S4A).

While we had only one stool sample from each patient pre-

and post-surgery and are therefore limited in our interpretations,

we did observe changes in microbiome composition after RYGB

surgery (Figure 4A). Examining the relative abundances of phyla

between pre- and post-surgery stool suggested that there was

an increase in Verrucomicrobia in T12, T41, and T73 (Figure 4B).

Very little change was observed in the alpha diversity in any of

the patients after RYGB surgery (Figure 4C).

For mice colonized with the patient fecal samples, fecal DNA

was extracted at 12 weeks after FMT, and gut microbial compo-

sition was assessed by 16S rRNA sequencing. The alpha diver-

sity of pre- compared with post-RYGB-colonized mice was not

different (Figure 4D). Permutational analysis of variance (PERM-

ANOVA) of the principal coordinates analysis (PCoA) plots

generated from Bray-Curtis distance matrices demonstrated

that the pre- and post-RYGB FMT mice had significantly distinct

microbiotas in the fecal pellet (p < 0.05; Figure 4E). Relative

abundance plots showed distinctive community structure asso-

ciated with the pre- versus post-RYGB fecal pellets, which were

dominated by Verrucomicrobia in post-RYGB samples from

mice colonized with stool from patients T12 and T41

(Figures 4F and 4G). In mice receiving FMT from patient T79

post-RYGB, there was an increase in abundance of Blautia (Fig-

ure 4G). The differences in beta diversity and differential abun-

dances of taxa (Ancom analysis) were not seen with the pooled

data from all the pre- and post-RYGB mice and human patients

(Figures S4B and data not shown). The PCoA plots generated by

combining individual patients with respective mice cohorts

suggested that the difference between pre- and post-RYGB mi-

crobiota was significantly different with the T12, T41, and T73

cohorts, and it was not significantly different with T79 (Fig-

ure S4C). This observation is likely linked to the fact that this pa-

tient’s post-surgery microbiota was similar to the pre-surgery

microbiota (Figures 4A and S4C). Bray-Curtis distance plots sug-

gest that the related pre- or post-RYGB mouse pairs were more

similar to each other than the non-related pre- or post-RYGB

mouse sample pairs (Figures S4D and S4E). We also observed
(E) Bray-Curtis PCoA plots show significant difference in themicrobiota from the p

transfer from the four individual patients. Each dot represents one mouse/biolog

(p value corrected by the Benjamini-Hochberg method).

(F) Relative abundances of bacterial phyla in pre- and post-RYGB FMT mice from

(G) The analysis of composition ofmicrobiomes (ANCOM) volcano plots for pre- an

of times the null hypothesis was rejected for a given species. The bacterial taxa sig

RYGB FMT mice) or red (decreased in post-RYGB FMT mice) (pre n = 4–6, post
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from the Bray-Curtis distance plots that the related patient-

mice pairs were more similar to each other than the non-related

patient-mice sample pairs (data not shown). The targeted rela-

tive abundances of bacterial taxa were also quantified by

qPCR. These data supported the 16S rRNA sequencing that

suggested an increase in relative abundance of Akkermansia

muciniphila in post-RYGB fecal samples from mice colonized

with stool from patients T12 and T41 (Figure S4F). Blautia spp.

abundances were significantly higher in post-RYGB fecal sam-

ples from mice colonized with stool from patients T73 and T79

(Figure S4G). Abundances of other taxa, including members of

the Ruminococcaceae and Lachnospiraceae families, did not

differ in their relative abundances in mice colonized by pre- or

post-RYGB microbiota (Figures S4H and S4I).

Next, we looked at the metabolite composition in stool sam-

ples of pre- and post-RYGB mice. Volcano plots suggest that

there were differences between the pre- and the post-RYGB

metabolites in all patient cohorts (Figure 5A). We observed that

the short-chain fatty acids (butyric acid), tryptophan metabolites

(tryptamine, indole propionic acid, serotonin), and acylcarnitine

(C5:1, C16:1-OH) were higher in post-RYGB fecal samples

from mice colonized with stool samples from patients T12 and

T41 (Figure 5A). In themice colonizedwith patient T73 stool sam-

ples, the level of valeric acid (a short-chain fatty acid) was higher

in post-RYGBmice. In T79 patient stool sample-colonized mice,

the acylcarnitine levels were higher, and various amino acids

(e.g., tyrosine and glycine as well as the branched-chain amino

acids, valine, leucine, and isoleucine) were lower, in post-

RYGBmice compared with pre-RYGBmice (Figure 5A). Interest-

ingly, in the heatmap (from all patient cohorts), we observed that

there were many differences in metabolites between the pre-

and the post-RYGB mouse fecal samples (Figures 5B and

S5A). Principal-component analysis (PCA) plots of pooled

mouse samples from all the patient cohorts suggest that

there was a significant difference in the metabolites between

pre- and post-RYGBmice (Figure S5A). We then looked at the in-

dividual metabolites in the pooled samples and observed that

the levels of lactic acid, pyruvic acid, and various amino acids

(e.g., ornithine, arginine, glycine, and tyrosine) were significantly

decreased in post-RYGB mouse stool samples compared with

pre-RYGB mice (Figures 5B and 5C). Moreover, the tryptophan

metabolites (tryptamine, indole acetic acid, indole propionic

acid, and serotonin) and acylcarnitines (e.g., long-chain acylcar-

nitines, C12, C14, C16, and C18) were significantly higher in

post-RYGB mouse stool samples compared with the pre-

RYGB mice (Figures 5B, 5D, and 5F). For the short-chain fatty

acids, valeric acid levels were significantly higher in post-

RYGB mice, whereas propionic acid and isobutyric acid were

trending higher (Figures 5B and 5E). We did observe more or

less similar trends with the human stool metabolites as well
re- (red dots) and post-RYGB FMT (blue dots) of mice 12weeks aftermicrobiota

ical replicate (pre n = 4–6, post n = 3–6 per patient). PERMANOVA p < 0.05

each patient (pre n = 4–6, post n = 3–6 per patient).

d post-RYGBFMTmice from each patient. TheW value represents the number

nificantly different abundances are labeled and colored blue (increased in post-

n = 3–6 per patient).
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B

E F
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D

Figure 5. Comparison of fecal metabolite composition in pre- and post-RYGB FMT mice

(A) PCA and volcano plots for fecal metabolites from the pre- and post-RYGBFMTmice (pre, red dots; post, blue dots). Each dot represents onemouse/biological

replicate (pre n = 3–4, post n = 3–5 per patient).

(legend continued on next page)
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(Figures S5B, S5C, S5D, S5E, and S5F). The PCA plots for

pooled patient samples showed a significant difference in me-

tabolites between pre- and post-RYGB (Figure S5B). Taken

together, increases in tryptophan metabolites, short-chain fatty

acids, and acylcarnitines and decreases in amino acids (e.g.,

ornithine, arginine, glycine, and tyrosine), organic acid, and lactic

acid were observed in the fecal samples of mice colonized with

post-RYGB microbiota, correlating with improvements in overall

metabolic health.

DISCUSSION

Bariatric surgery, in particular RYGB, is effective in reversing in-

sulin resistance,42 although the underlying mechanisms are still

not fully understood. Findings from previous work in mouse

models of RYGB suggest that the metabolic improvements

may be causally related to changes in the gut microbiome,20

and FMT studies of human stool post-RYGB into GF mice also

suggest that the altered microbiome following surgery can lead

to decreased adiposity in the recipients,21 as well as somemeta-

bolic improvements.23 However, direct inferences of the impact

of the altered gut microbiome post-surgery have been

confounded by the vast individual differences in the composition

of gut microbiota among patients pre- and postsurgery. In this

study, we used paired samples of patients’ stool pre- and

post-surgery that were gavaged into WD-fed, GF mice, enabling

us to track improvements in metabolic outcomes mediated by

the post-surgery microbiota of individual patients. Using this

model, we found that alterations in the gut microbiome following

RYGB surgery of obese subjects conferred improved metabolic

parameters in FMT-colonized, WD-fed mice, independent of

body weight and food intake, by primarily increasing brown fat

mass and energy expenditure as well as by promoting adipose

tissue immune homeostasis. These improvements in abnormal

metabolism were causally related to the altered gut microbiota

postsurgery, since they were independent of diet and body

mass. These observations in mice reflected the improvement

in insulin sensitivity that was observed in the three of the four

patients.

Host metabolism, as well as systemic inflammation, can have

an impact on the gut microbiome composition and function, and

in turn, this altered state of the microbiome can have an impact

on both the accumulation and the function of adipose tissue43

and ultimately impacts on the host’s energy balance. BAT

contributes to energy dissipation through non-shivering thermo-

genesis, but recent findings have also suggested that BAT activ-

ity is linked to a healthier metabolic status independent of

weight.44 This was also reflected in our study, where we found

that mice receiving the post-RYGB microbiota exhibited a strik-

ing increase in BAT mass and activity and overall increased

energy expenditure compared with animals colonized with the

presurgery microbiota, despite both groups being on a WD
(B) Heatmap of the significant differential metabolites in fecal samples of pre- a

metabolites, with red indicating a higher concentration and blue indicating a low

(C–F) Relative concentrations of significantly different amino acids (C), tryptoph

represents onemouse/biological replicate (pre n = 15, post n = 14). Data displayed

t test. *p < 0.05, **p < 0.005.
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and having similar body weights. These changes may be linked

to the increased relative abundances of A. muciniphila45,46 as

well as increased levels of short-chain fatty acids (SCFAs)47

that we observed in some of the mouse cohorts receiving the

post-RYGB surgery FMT. SCFAs in particular have been shown

to upregulate the expression of UCP1 and PGC1a, concomi-

tantly increasing mitochondrial function and biogenesis in

BAT.48 Understanding the mechanism of how the post-surgery

microbiota mediates these changes in the BAT will be of pro-

found interest for future studies.

In terms of white adipose tissue (WAT), immune cells within

WAT are associated with a type 2 immune axis, but in obesity

and metabolic disease, the immune environment of the WAT

shifts toward amore type 1 immune phenotype that is character-

ized by inflammatory cells and cytokines/adipokines that have

deleterious effects on metabolism as well as contributing to

systemic inflammation.49 What was striking in our findings is

that, even though body weight and WAT mass were not different

between mice receiving pre- or post-surgery FMT, the expres-

sion of inflammatory cytokines was decreased, and the expres-

sion profile of type 2 immune markers was increased in those

mice colonized with the post-surgery microbiota. Moreover,

we also found that WAT from mice colonized with post-surgery

microbiota showed increased expression levels of Sirt1, the

gene encoding Sirtuin-1, whose expression has been found to

increase in WAT during caloric restriction50 and also following

bariatric surgery.51 Functionally, Sirtuin-1 plays an important

role in metabolic homeostasis by maintaining insulin sensitivity

and suppressing inflammation in different tissues.52 While few

data are available to directly link gut microbes to WAT inflamma-

tion,53 a potential mechanism may be through the enhanced

abundance of tryptophan-derived metabolites that we observed

in mice colonized with the post-RYGB surgery stool. Indeed,

recent findings suggest that these microbiota-derived metabo-

lites control expression of the microRNA miR-181, whose

elevated expression is associated with increased adiposity, in-

sulin resistance, and, importantly, WAT inflammation.54 Further

research is necessary to determine if these metabolites

contribute to metabolic health improvements in our model by

reducing WAT inflammation.

In the setting of RYGB, vast and durable changes in the micro-

bial community structure and function have been noted postsur-

gery21; however, pinpointing specific compositional and func-

tional changes across cohorts presents a significant challenge.

While patient numbers limited us from making generalized

conclusions regarding surgery-dependent changes in themicro-

biota across the individuals in our study, the transfer of paired

samples of the patients’ stool before and after surgery to two

separate cohorts of GF mice enabled us not only to examine

diet-independent alterations in the abundance of certain taxa

and their functional outputs by metabolomics, but also to corre-

late these with the metabolic improvements in the animals
nd post-RYGB FMT mice. Color bar indicates the relative abundances of the

er concentration (pre n = 15, post n = 14).

an metabolites (D), short-chain fatty acids (E), and acylcarnitine (F). Each dot

asmean ±SEM. p valueswere determined using two-tailed unpaired Student’s
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receiving the post-surgery microbiota. In terms of compositional

changes, qPCR validated the increase in abundances of

A. muciniphila (T12 and T41) and Blautia spp. (T73 and T79) in

the mouse cohorts receiving the post-surgery microbiota

compared with mice of the pre-surgery cohorts. These organ-

isms have been associated in previous studies with improve-

ment in both glucose and lipid homeostasis in the setting of

T2D and obesity.55–58,59 The mechanisms by which these mi-

crobes improve metabolism are unknown, but A. muciniphila is

reported to be an indole and SCFA producer, while Blautia

spp. can produce SCFAs.60–62 Both of these classes of metabo-

lites were part of the favorable metabolomic changes we

observed in the animals receiving the post-surgery microbiota

from across the patient cohort (see below).

We observed profound fecal metabolomic changes that may

account for the improved metabolic health effects of the post-

RYGB microbiota, including increased levels of SCFAs, acylcar-

nitines, and tryptophan metabolites. SCFAs were previously

shown to play important roles in energy metabolism, protection

against diet-induced obesity, and regulation of gut hormone

secretion, as well as decreasing VAT inflammation and

enhancing lipolysis and browning.63–67 Several long-chain acyl-

carnitines were also increased in post-RYGB mice, which are

known to drive b oxidation in mitochondria and serve as a fuel

source for BAT thermogenesis.68 Consistent with this, higher

expression of Cpt1a, which is a marker of b-oxidation, was

observed in the liver tissue of post-RYGBmice across all patient

cohorts (data not shown). Finally, the tryptophan-derivedmetab-

olites (indole propionic acid, indole acetic acid, tryptamine, and

serotonin) were also increased in the post-RYGB mice, and

some of these have been shown to regulate gut hormone secre-

tion, promote gut barrier integrity, reduce inflammation, and

improve insulin sensitivity.69,70

A number of metabolites were found to be higher in fecal sam-

ples of the pre-surgery FMT mouse cohort compared with the

post-surgery cohort. These included amino acids (e.g., arginine,

glutamic acid, aspartic acid, serine, glycine, glutamine, lysine,

and tyrosine), which have been shown to be positively correlated

with higher BMI and low physical fitness71 as well as consump-

tion of a high-fat diet and insulin resistance.72,73 Higher levels of

lactic acid and pyruvate were also observed in the pre-surgery

FMT mice compared with the post-surgery cohort, and these

have been correlated with systemic and gut inflammation,

respectively.74,75 Notably, while we saw few consistent alter-

ations in taxa within the microbiota pre- and post-surgery in pa-

tient stools, nor in the mice colonized with these stools, we were

able to uncover possible metabolites that may be causally

related to improved metabolic health. Indeed, given the taxo-

nomic variability of the microbiota across patients, the functional

capabilities of the metabolites these microbes produce is more

likely to be causal in affecting the overall health of the host.76

For example, different bacterial species within the Firmicutes

and Bacteroidetes phyla can ferment dietary fiber to SCFAs,

which have a number of health benefits, including signaling

through GPCRs to induced satiety. Future work will be required

to determine how these metabolites may be altering systemic

changes in the post-surgery recipient mice in terms of improved

glucose handling, WAT homeostasis, and energy expenditure.
In summary, our approach enabled the pairwise comparison

of metabolic outcomes of mice receiving FMT from individual

obese patients pre- and post-RYGB surgery. In mice colonized

with the post-surgery microbiota, we observed diet- and

weight-independent improvements in glucose handing and insu-

lin sensitivity, energy expenditure, and BAT activity, as well as

diminished WAT inflammation. These studies provide evidence

for a direct role of RYGB-dependent alterations in the gut micro-

biota and their associated metabolites in improved metabolic

health andwill pave the way for future work to explore what func-

tional aspects of the microbiota are responsible for these

improvements. Moreover, these findings encourage targeted

pre- or probiotic approaches as well as the consideration of

healthy FMTs as a means to treat obesity and avoid the need

for surgical intervention.

Limitations of the study
While this work supports the conclusion that RYGB surgery im-

poses changes to the gut microbiome that lead to metabolic

improvements in the host, there are some limitations of our

study. First, an acknowledged limitation is that only a subset

(four patients) of the larger patient groupwas examined. Second,

individual mouse cohorts receiving patient FMTs have been

proposed to be viewed as ‘‘pseudoreplicates’’77; this is acknowl-

edged to a certain extent in our study; however, each paired pa-

tient sample was transferred to two different cohorts of mice that

were separated by more than a year between experiments,

thereby supporting the robustness of the experimental outcome.

Related to this, while past FMT studies on GF mice used normal

chow diet, in our study mice colonized with pre- and post-sur-

gery microbiota were maintained on a WD. By using the WD,

we reasoned that we might be able to identify more significant,

health-promoting microbes/metabolites that have the potential

to be used as therapeutic strategies in obese patients regardless

of the individual’s diet. We plan to test this idea in future studies.

Finally, while metagenomic sequencing, rather than 16S rRNA

amplicon sequencing would have likely uncovered more signifi-

cant taxonomic and possibly potential functional differences

between the pre- and the post-surgery transplanted microbiota,

we expected that 16S rRNA sequencing coupled with metabolo-

mics was an appropriate approach to discern functional effects

of the gut microbiome, which are thought to be more relevant for

affecting health.76
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12. Aron-Wisnewsky, J., Doré, J., and Clement, K. (2012). The importance of

the gut microbiota after bariatric surgery. Nat. Rev. Gastroenterol. Hepa-

tol. 9, 590–598. https://doi.org/10.1038/nrgastro.2012.161.

13. Zhang, H., DiBaise, J.K., Zuccolo, A., Kudrna, D., Braidotti, M., Yu, Y., Par-

ameswaran, P., Crowell, M.D., Wing, R., Rittmann, B.E., and Krajmalnik-

Brown, R. (2009). Human gut microbiota in obesity and after gastric

bypass. Proc. Natl. Acad. Sci. USA 106, 2365–2370. https://doi.org/10.

1073/pnas.0812600106.
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23. Anhê, F.F., Zlitni, S., Zhang, S.Y., Choi, B.S., Chen, C.Y., Foley, K.P.,

Barra, N.G., Surette, M.G., Biertho, L., Richard, D., et al. (2022). Human

gut microbiota after bariatric surgery alters intestinal morphology and

glucose absorption in mice independently of obesity. Gut 72, 460–471.

https://doi.org/10.1136/gutjnl-2022-328185.

24. Beltran Del Rio, M., Tiwari, M., Amodu, L.I., Cagliani, J., and Rodriguez

Rilo, H.L. (2016). Glycated hemoglobin, plasma glucose, and erythrocyte

aging. J. Diabetes Sci. Technol. 10, 1303–1307. https://doi.org/10.1177/

1932296816659885.

25. Schwenger, K.J.P., Fischer, S.E., Jackson, T.D., Okrainec, A., and Allard,

J.P. (2018). Non-alcoholic fatty liver disease in morbidly obese individuals

undergoing bariatric surgery: prevalence and effect of the pre-bariatric

very low calorie diet. Obes. Surg. 28, 1109–1116. https://doi.org/10.

1007/s11695-017-2980-3.

26. Schwenger, K.J.P., Fischer, S.E., Jackson, T., Okrainec, A., and Allard,

J.P. (2018). In nonalcoholic fatty liver disease, Roux-en-Y gastric bypass

improves liver histology while persistent disease is associated with lower

improvements in waist circumference and glycemic control. Surg. Obes.

Relat. Dis. 14, 1233–1239. https://doi.org/10.1016/j.soard.2018.06.007.

27. Zhang, A.M.Y., Wellberg, E.A., Kopp, J.L., and Johnson, J.D. (2021). Hy-

perinsulinemia in obesity, inflammation, and cancer. Diabetes Metab. J.

45, 285–311. https://doi.org/10.4093/dmj.2020.0250.

28. Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function

and physiological significance. Physiol. Rev. 84, 277–359. https://doi.

org/10.1152/physrev.00015.2003.

29. Zhang, F., Hao, G., Shao, M., Nham, K., An, Y., Wang, Q., Zhu, Y., Kusmin-

ski, C.M., Hassan, G., Gupta, R.K., et al. (2018). An adipose tissue atlas: an
image-guided identificationof human-likeBATandbeigedepots in rodents.

Cell Metab. 27, 252–262.e3. https://doi.org/10.1016/j.cmet.2017.12.004.

30. Cypess, A.M., White, A.P., Vernochet, C., Schulz, T.J., Xue, R., Sass, C.A.,

Huang, T.L., Roberts-Toler, C., Weiner, L.S., Sze, C., et al. (2013). Anatom-

ical localization, gene expression profiling and functional characterization

of adult human neck brown fat. Nat. Med. 19, 635–639. https://doi.org/10.

1038/nm.3112.

31. Bl€uher, M. (2016). Adipose tissue inflammation: a cause or consequence

of obesity-related insulin resistance? Clin. Sci. 130, 1603–1614. https://

doi.org/10.1042/CS20160005.

32. Xu, H., Barnes, G.T., Yang, Q., Tan, G., Yang, D., Chou, C.J., Sole, J.,

Nichols, A., Ross, J.S., Tartaglia, L.A., and Chen, H. (2003). Chronic

inflammation in fat plays a crucial role in the development of obesity-

related insulin resistance. J. Clin. Invest. 112, 1821–1830. https://doi.

org/10.1172/JCI19451.

33. Man, K., Kallies, A., and Vasanthakumar, A. (2022). Resident and migra-

tory adipose immune cells control systemic metabolism and thermogen-

esis. Cell. Mol. Immunol. 19, 421–431. https://doi.org/10.1038/s41423-

021-00804-7.

34. Yeung, F., Hoberg, J.E., Ramsey, C.S., Keller, M.D., Jones, D.R., Frye,

R.A., and Mayo, M.W. (2004). Modulation of NF-kappaB-dependent tran-

scription and cell survival by the SIRT1 deacetylase. EMBO J. 23, 2369–

2380. https://doi.org/10.1038/sj.emboj.7600244.

35. Gillum, M.P., Kotas, M.E., Erion, D.M., Kursawe, R., Chatterjee, P., Nead,

K.T., Muise, E.S., Hsiao, J.J., Frederick, D.W., Yonemitsu, S., et al. (2011).

SirT1 regulates adipose tissue inflammation. Diabetes 60, 3235–3245.

https://doi.org/10.2337/db11-0616.

36. Pfluger, P.T., Herranz, D., Velasco-Miguel, S., Serrano, M., and Tschöp,
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Prager, G., Marculescu, R., Kautzky-Willer, A., Hacker, M., Haug, A.R.,

and Kiefer, F.W. (2021). Active Brown adipose tissue is associated with
Cell Reports Medicine 4, 101051, May 16, 2023 13

https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1126/science.1241214
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1126/scitranslmed.3005687
https://doi.org/10.1016/j.cmet.2015.07.009
https://doi.org/10.1016/j.cmet.2015.07.009
https://doi.org/10.1080/19490976.2022.2050635
https://doi.org/10.1080/19490976.2022.2050635
https://doi.org/10.1136/gutjnl-2022-328185
https://doi.org/10.1177/1932296816659885
https://doi.org/10.1177/1932296816659885
https://doi.org/10.1007/s11695-017-2980-3
https://doi.org/10.1007/s11695-017-2980-3
https://doi.org/10.1016/j.soard.2018.06.007
https://doi.org/10.4093/dmj.2020.0250
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.cmet.2017.12.004
https://doi.org/10.1038/nm.3112
https://doi.org/10.1038/nm.3112
https://doi.org/10.1042/CS20160005
https://doi.org/10.1042/CS20160005
https://doi.org/10.1172/JCI19451
https://doi.org/10.1172/JCI19451
https://doi.org/10.1038/s41423-021-00804-7
https://doi.org/10.1038/s41423-021-00804-7
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.2337/db11-0616
https://doi.org/10.1073/pnas.0802917105
https://doi.org/10.1073/pnas.0802917105
https://doi.org/10.1002/eji.201646739
https://doi.org/10.1016/j.cmet.2015.03.005
https://doi.org/10.1016/j.cmet.2015.03.005
https://doi.org/10.1084/jem.20121964
https://doi.org/10.1084/jem.20121964
https://doi.org/10.1016/j.immuni.2015.06.006
https://doi.org/10.1038/s41467-017-02068-0
https://doi.org/10.1210/jc.2011-0165
https://doi.org/10.1210/jc.2011-0165
https://doi.org/10.1007/s11154-019-09523-x
https://doi.org/10.1007/s11154-019-09523-x


Article
ll

OPEN ACCESS
a healthier metabolic phenotype in obesity. Diabetes 71, 93–103. https://

doi.org/10.2337/db21-0475.

45. Depommier, C., Van Hul, M., Everard, A., Delzenne, N.M., De Vos, W.M.,

and Cani, P.D. (2020). Pasteurized Akkermansia muciniphila increases

whole-body energy expenditure and fecal energy excretion in diet-

induced obese mice. Gut Microb. 11, 1231–1245. https://doi.org/10.

1080/19490976.2020.1737307.

46. Yoon, H.S., Cho, C.H., Yun, M.S., Jang, S.J., You, H.J., Kim, J.H., Han, D.,

Cha, K.H., Moon, S.H., Lee, K., et al. (2021). Akkermansia muciniphila se-

cretes a glucagon-like peptide-1-inducing protein that improves glucose

homeostasis and ameliorates metabolic disease in mice. Nat. Microbiol.

6, 563–573. https://doi.org/10.1038/s41564-021-00880-5.

47. Sukkar, A.H., Lett, A.M., Frost, G., and Chambers, E.S. (2019). Regulation

of energy expenditure and substrate oxidation by short-chain fatty acids.

J. Endocrinol. 242, R1–R8. https://doi.org/10.1530/JOE-19-0098.

48. Gao, Z., Yin, J., Zhang, J., Ward, R.E., Martin, R.J., Lefevre, M., Cefalu,

W.T., and Ye, J. (2009). Butyrate improves insulin sensitivity and increases

energy expenditure in mice. Diabetes 58, 1509–1517. https://doi.org/10.

2337/db08-1637.

49. Michailidou, Z., Gomez-Salazar, M., and Alexaki, V.I. (2022). Innate im-

mune cells in the adipose tissue in health and metabolic disease.

J. Innate Immun. 14, 4–30. https://doi.org/10.1159/000515117.
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PBS Wisent Cat#311-425-CL
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GeneJET RNA Purification Kit ThermoScientific Cat#K0731

Verso cDNA Synthesis Kit ThermoFisher Cat#AB1453B

PowerUpTM SYBRTM Green Master Mix ThermoFisher Cat#A25741

NucleoSpin Soil, Mini kit for DNA from soil Macherey-Nagel Cat#740780.50

KAPA2G Robust HotStart ReadyMix Sigma Cat#KK5701

Quant-iTTM PicoGreenTM dsDNA Assay Kit ThermoScientific Cat#P7589
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Critical commercial assays

Insulin Mouse Serum Assay kit HTRF Cisbio Cat#62IN3PEF

Deposited data

16S rRNA gene sequencing Fastq. files This paper BioProject accession number:

PRJNA951705

Experimental models: Organisms/strains

C57BL/6NTac Taconic Cat#B6NTac (GF)

Software and algorithms

Qiime2 Qiime2 website http://qiime2.org/

Qiime Qiime website http://qiime.org/

CellProfiler Cellprofiler website https://cellprofiler.org/

NDP.view2 Plus Hamamatsu Cat#U12388-01

Graphpad Prism 9 Graphpad website https://www.graphpad.com/

R CRAN https://cran.r-project.org/

Rstudio Posit https://posit.co/

Metaboanalyst R Xia Lab Github https://github.com/xia-lab/

MetaboAnalystR
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Dana J Philpott (dana.philpott@

utoronto.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The 16S rRNA gene sequencing data were deposited into the Sequence Read Archive (SRA) of NCBI and can be accessed via

BioProject accession number PRJNA951705. This information is also available in key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants
The study was approved by the Research Ethics Board at the University Health Network (REB#15-8784). Patients were approached

and consented to research after surgeons confirmed that the patients were suitable for bariatric surgery according to the criteria

stated by the National Institutes of Health.78 Inclusion criteria for this study included individuals R18 years and exclusion criteria

included; previous gastrointestinal surgery that altered the anatomy, diagnosis of type 1 diabetes; regular intake of non-steroidal

anti-inflammatory drugs; antibiotics, probiotics or prebiotics, or any experimental drug in the previous 3-month; smoking; pregnancy

or breastfeeding. Clinical and biochemical data as well as fecal samples were collected at baseline (prior to the pre-surgical diet) and

at 1- or 6-months post-RYGB. Patients’ anthropometrics and medication history were taken by a registered nurse before RYGB and

at 1 and 6-months post-RYGB. Plasma and serumwere collected after a 12-hour fast and analyzed by the hospital’s LaboratoryMed-

icine Program using standardized methods. The homeostasis model for insulin resistance was also calculated using fasting insulin

and glucose.79 Fresh fecal samples were collected 12-hours before a scheduled appointment and stored in the participants’ fridge.

Faecal sample collection
Patientswere provided a kit to collect the stool sample at their house. This kit included a plastic collection/storage container with a lid,

an insulated bag and cooling elements. Subjects were provided detailed instructions on how to collect, store and transport the

sample. These samples were collected within 48 hours of each visit and stored in the patient’s fridge. On the day of the appointment,

patients transported the sample in the insulated bag with cooling agents. Once we received the sample it was processed, and the

filtrates were kept in a �80�C freezer similar to previous studies.80 This protocol was also used in other studies.81,82

Preparation of patient fecal samples
Following collection and upon receipt at clinic, stool samples were weighed out. Approximately 10g of feces were weighed in a Stom-

acher bag and combined with a sterile solution of 20% glycerol in saline. Samples were then homogenized by hand by squeezing the

bags for approximately 1 min. The homogenates were then aliquoted into 1mL cryotubes and frozen for later use in FMT studies.

Mice and diet

We obtained GF mice from McMaster University’s GF facility, which were housed and maintained accordingly in the University of

Toronto GF facility. Mice were maintained in a pathogen-free, temperature-controlled, and 12 h light and dark cycle environment.

All mice used in comparative studies were age-matched females. Human stool samples were collected at the following time points:

1) baseline prior to pre-bariatric surgery operation, 2) at the 1- or 6-months visits after surgery from 4 patients. Patient characteristics

can be found in Table 1. The mice were fed with WD (Envigo, Cat #TD88137, 34% sucrose and 21% fat by weight) starting at 8-

21 weeks of age, then gavaged with a single dose of pre- or post-RYGB human stool samples (200 ml of 1:5 diluted frozen fecal

samples) in age and weight matched mice. Mice were then continually fed with WD for another 12 weeks before testing. Eachmouse

was singly caged throughout the experiment. All animal studies were approved by the Animal Care Committee at the University of

Toronto.

METHOD DETAILS

In vivo metabolic studies
As previously described,83 glucose tolerance tests (GTTs) were performed onmice fasted overnight, 14–16 h, using glucose 1.5 g/kg

bodyweight injected intraperitoneally. Insulin tolerance tests were performed onmice fasted for 4 h, using insulin (Lilly) 1.5 U/kg body
Cell Reports Medicine 4, 101051, May 16, 2023 e2
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weight. Measurements of blood glucose were taken at indicated time points after the injection. Serum insulin levels were measured

by a HTRF insulin mouse serum assay kit (Cisbio, MA, USA).

Brown fat PET/CT scan
The details of this procedure are similar to the ones described by Wang et al.84 The mice were fasted with free access to water and

housed 14–16 h in a cold room at 4�C. Each mouse was removed from the cold room just prior to an intraperitoneal injection of 15

MBq 18F-Fluorodeoxyglucose (18FDG). Then the mouse was immediately anesthetized by inhalation with a mixture of 1.5–2% iso-

flurane and oxygen for 1 h to allow for FDG uptake.

At 1-h post-injection, a 10-min static image of the whole body was acquired on a Focus 220 microPET (Siemens Preclinical So-

lutions, Knoxville TN). Following PET imaging, each mouse was transferred, via a Minerve (Esternay, France) imaging bed, to a

GE eXplore Locus Ultra microCT scanner (GE Healthcare, London ON). CT scans were acquired using routine parameters

(80 kVp, 50mA, voxel size of 154 mm3 154 mm3 154 mm) in order to obtain an anatomical reference. PET images were reconstructed

with a maximum a posteriori reconstruction algorithm without attenuation correction onto a 256 3 256 matrix using a zoom of 6.5

(voxel size �160 mm 3 160 mm x 800 mm).

The PET and CT datasets were imported, co-registered and analyzed using Inveon Research Workplace 4.0 (IRW) software

(Siemens Medical Solutions USA, Inc., Washington, DC). Volumes-of-interest were created around interscapular brown adipose tis-

sue (BAT) and normal tissue/background. FDG uptake in BAT and normal tissue was expressed as percent injected dose per gram

tissue (%ID/g) with decay correction. This animal study was under the Animal Use Protocol (2573.3) approved by the Animal Care

Committee at the University Health Network.

Metabolic cage studies

As previously described,85 mice were individually placed in automatedmetabolic cages with free access to food and water (Compre-

hensive Lab Animal Monitoring System-CLAMS from Columbus Instruments Company, Columbus, Ohio, USA) for 48 h. After 24-h

acclimation to the apparatus, data for next 24 h were collected and analysed. Airflow was held at 0.5 L/min, food and water

consumption were determined by weighing food or measuring water volume before and after 24- hour period. Metabolic activity

was assessed using indirect calorimetry recording maximal O2 consumption (VO2), CO2 production (VCO2), and heat production

normalized to body weight. The respiratory exchange ratio was calculated as VCO2/VO2. Energy expenditure was adjusted for

body mass using ANCOVA.86 Data are the average between light and dark measurements.

Haematoxylin and eosin (H&E) staining of BAT and VAT

BAT and VAT were collected and then fixed for 24–36 h in 10% (v/v) formalin and subsequently embedded in paraffin. Paraffin-

embedded tissues were micro-sectioned at a thickness of 5 mm. The slides were stained with H&E using standard procedure.

The images were acquired by using an Zeiss AxioObserver Z1 microscope.

Immunohistochemistry for BAT

Brown adipose tissues were harvested and fixed in 10% (v/v) formalin. The fixed tissues were embedded in paraffin and micro-

sectioned at a thickness of 5 mm. The sections were then deparaffinized in xylene and rehydrated using an ethanol gradient.

Heat-induced epitope retrieval was performed with citrate buffer (pH 6.0) at 95�C for 30 min. Upon cooling at room temperature

for 20 min, slides were washed with PBS. Sections were then treated with blocking solution (3% goat serum in PBST) for 30 min

at room temperature to block nonspecific binding. The slides were incubated with primary antibody UCP1 (Abcam- ab10983,

1:500) in PBST with 1% goat serum overnight at 4�C. The sections were washed the following day with PBS. The endogenous perox-

idase activity was quenchedwith 0.3%hydrogen peroxide for 15min at room temperature. After washing, slides were incubated with

secondary HRP antibody (CST) against rabbit IgG at room temperature for 1 h. Slides were treated with a working solution of

SignalStaina� DAB Substrate Kit (CST; Cat#8059). All sections were counterstained with hematoxylin and mounted with Permount

(FisherChemical). Images were taken on a Zeiss AxioObserver Z1 microscope using the Zen software. Images were quantified using

the CellProfiler cell image analysis software.

CellProfiler analysis of BAT
CellProfiler was used to quantify lipid droplet size and number. Images of H&E-stained tissue were converted to grayscale, uneven

illumination was corrected, colours were reversed, noise was reduced by smoothing and suppressing grainy features, and images

were thresholded for object identification. These objects were filtered with parameters of Compactness (maximum 1.8), Form Factor

(minimum 0.5), Area (minimum 675), and Perimeter (maximum 1400) to exclude objects not corresponding to lipid droplets. Objects

were overlaid on original images to confirm successful identification of lipid droplets. Measured area was converted to square

micrometers (factor identified using scalebar and ImageJ).

CellProfiler was used to quantify relative UCP1 positive area. Images of brown adipose tissue were converted to grayscale and

inverted before thresholding for recognition of lipid droplets (correction factor 1.6) and UCP1 positive area (correction factor 1.2).

Objects were overlaid on original images to confirm successful identification of lipid droplets. The dimensions and area occupied

by each were measured. Data are represented as UCP1 positive area relative to UCP1 area plus lipid droplet area in order to exclude

background other inconsistent tissue features.
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CellProfiler analysis of VAT

All image analyses were performed while blinded to sample groupings, and identical parameters were used to analyze each exper-

imental group. CellProfiler was used to quantify adipocyte area. Slidescanner images were split into 1024x1024 pixel tiles. Images

were converted to grayscale, uneven illumination was corrected, and noise was reduced before thresholding and recognizing

objects. These objects were filtered with parameters of Area (2000-90,000 pixels), Form Factor (minimum 0.66), Minimum Feret

Diameter (0.45), and Mean Radius (minimum 10) to exclude objects not corresponding to adipocytes. Objects were overlaid on

original images to confirm successful identification of adipocytes. Adipocyte area was converted to squaremicrometers (factor iden-

tified using scalebar and ImageJ).

Islet morphometry

Pancreatic tissues from pre- and post-RYGB FMT mice were fixed for 24 hours in 4% paraformaldehyde in PBS (pH 7.4). Paraffin

sections (7 mm thick) were obtained separately from pancreas and stained for insulin (Dako Canada) (catalog IR00261-2). Insulin-

immunostained sections were scanned using an Olympus VS120 slide scanner and analyzed with NDP.view2 plus software from

HAMAMATSU. Insulin immunostaining was calculated by an automated positive pixel count algorithm to determine total b-cell

area, islet number per total pancreatic area, and islet size.87

Quantitative real-time PCR to analyze relative gene expression

Mouse subcutaneous and visceral adipose tissue stored at�80�Cwas used for the RNA isolation. RNA isolation from adipose tissue

was performed using TRIzolTM Reagent (Life Technologies) as described by Cirera S88 with somemodifications. To isolate total RNA,

approximately 100 mg of tissue was used. The homogenization was done in 1 mL of TRI Reagent using a bead beater homogenizer.

After homogenization, the samples were incubated at room temperature for 5 min. Subsequently a centrifugation was done at

12000 g at 4�C for 10 min and the resulting fat monolayer was carefully avoided when pipetting the rest of the sample into a clean

1.5mL tube. 200 mL of chloroformwas then added to the sample andmixed by vortexing. After 3min at room temperature the sample

was centrifuged at 12000 g at 4�C for 10min. After centrifugation, the upper phasewas collected in a separate tubewithout disturbing

the interphase. RNA was precipitated with 100% ethanol and the sample was then loaded on GeneJET RNA Purification Column

(Thermo ScientificTM). After this step the RNA was extracted as per the manufacturer’s instructions. cDNA was synthesized using

the Verso cDNA synthesis kit (ThermoFisher Scientific) according to manufacturer’s instructions. cDNA was diluted accordingly,

and Real-time PCR was performed in duplicate with PowerUpTMSYBRTM Green Master Mix (ThermoFisher Scientific) and was run

on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, USA). The relative expression of genes was calculated

with the formula 2�DDCt. Murine 36b4 and Tbpwas used as an endogenous control housekeeping gene. Primer sequences are listed

in Primers used in RT-qPCR.

Primers used in RT-qPCR
Gene Forward primer (5’-3’) Reverse primer (5’-3’)

Tnf-a AGCCCCCAGTCTGTATCCTT CTCCCTTTGCAGAACTCAGG

Ccl2 CCTGCTGCTACTCATTCACCA ATTCCTTCTTGGGGTCAGCA

Elane CAGAGGCGTGGAGGTCATTT CTACCTGCACTGACCGGAAA

Sirt1 GGTATCTATGCTCGCCTTGC ACACAGAGACGGCTGGAACT

Il2ra AACCACCACAGACTTCCCACAA TTCCTCCATCTGTGTTGCCAG

sSt2 AAGGTCGAAATGAAAGTTCCAGC GCCAATTTATTCAAGCAATGTGTG

St21 TGCATTTATGGGAGAGACCTGTTA TGTGCAGAGCAATCTCCTGC

Il33 CCTCCCTGAGTACATACAATGACC GTAGTAGCACCTGGTCTTGCTCTT

Adgre1 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

Nos GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC

IL1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IL10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

Ucp1 ACTCAGGATTGGCCTCTACG CCACACCTCCAGTCATTAAGC

Cox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC

Pat2 GTGCCAAGAAGCTGCAGAG TGTTGCCTTTGACCAGATGA

36b4 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG

Rpl19 GCATCCTCATGGAGCACAT CTGGTCAGCCAGGAGCTT
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16S rRNA gene amplicon sequencing

Total DNA was extracted from samples using the MoBio PowerSoil kit (MoBio) following manufacturer’s instructions for increased

yield. The V4 hypervariable region of the 16S rRNA genewas amplified using barcoded 515F (forward) and 806R (reverse) sequencing

primers to allow for multiplexing.89 Amplification reactions were performed using 12.5 uL of KAPA2G Robust HotStart ReadyMix

(KAPA Biosystems), 1.5 uL of 10 uM forward and reverse primers, 7.5 uL of sterile water and 2 uL of DNA. The V4 region was amplified

by cycling the reaction at 95�C for 3 min, 18x cycles of 95�C for 15 s, 50�C for 15 s and 72�C for 15 s, followed by a 5 min 72�C exten-

sion. All amplification reactions were done in triplicate to reduce amplification bias, pooled, and checked on a 1% agarose TBE gel.

Pooled triplicates were quantified using PicoGreen and combined by even concentrations. The library was then purified using Am-

pure XP beads and loaded on to the Illumina MiSeq for sequencing according to manufacturer instructions (Illumina, San Diego, CA).

Sequencing was performed using the V2 (150bp x 2) chemistry.

Quantitative real time PCR to analyze relative abundance of bacterial groups

Total DNA was extracted from the fecal pellet samples (mice and human patients) using the MoBio PowerSoil kit (MoBio, cat. 12888)

following manufacturer’s instructions. Bacterial DNA (�10 ng/mL) was analyzed by qPCR using 16S rRNA primers (Integrated DNA

Technologies) to target specific groups (Quantitative real time PCR primers for bacterial group-specific16S rRNA), similar to our pre-

vious study.90 These include Akkermansia, Blautia, Lachnospiraceae and Ruminococcaceae. Relative abundances of bacterial

groups were calculated by normalizing DCt for each target group to the Eubacteria (housekeeping control) group.

Quantitative real time PCR primers for bacterial group-specific 16S rRNA
Bacterial Target Group Forward primer (5’-3’) Reverse primer (5’-3’)

Akkermansia muciniphila CCTTGCGGTTGGCTTCAGAT CAGCACGTGAAGGTGGGGAC

Blautia CGGTACCTGACTAAGAAGC GTTCCTCCTAATATCTACGC

Ruminococcaceae GGCGGCYTRCTGGGCTTT CCAGGTGGATWACTTATTGTGTTAA

Lachnospiraceae AAACAGCTTAGTGGCGGACG GGCTACTGATCGTCGCTTTG

Eubacteria 16S (F340-R514) ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC
Metabolite analysis

Metabolites were measured by The Metabolomic Innovation Centre (University of Alberta, AB, Canada). After extracting metabolites

using 3-fold volume of 15 mL MeOH + 85 mL phosphate buffer (10 mM), metabolites were measured by combining direct injection

mass spectrometry and a reverse-phase LC-MS/MS with some modifications.91,92 Mass spectrometric analysis was performed on

an ABSciex 4000 QTrap� tandem mass spectrometry instrument (Applied Biosystems/MDS Analytical Technologies, Foster City,

CA) equipped with an Agilent 1260 series UHPLC system (Agilent Technologies, Palo Alto, CA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing of 16S rRNA sequencing data: The UNOISE pipeline, available through USEARCH v11.0.667 and vsearch v2.10.4, was

used for merging paired reads and quality filtering.93–95 Assembled sequences were mapped back to the chimera-free denoised se-

quences at 99% identity OTUs. Taxonomy assignment was executed using SINTAX, available through USEARCH, and the UNOISE

compatible Ribosomal Database Project (RDP) database version 16, with a minimum confidence cutoff of 0.8.96 OTU sequences

were aligned using align_seqs.py v.1.9.1 through QIIME1.97

Statistical analysis of 16S rRNA sequencing data: Estimates of alpha diversity and beta diversity (Bray-Curtis), PCoA plot gener-

ation, Procrustes analysis, and ANCOM98 were performed in Qiime2.99 Alpha diversity and relative abundances were calculated us-

ing datasets rarefied to the lowest number of reads per sample. PERMANOVA was used to test for differences in beta diversity be-

tween pre- and post-surgery groupings of humans and mice. The p-value was corrected by the Benjamini-Hochberg method.

ANCOMwas used to identify bacterial families or genera that significantly differed between groups. ANCOMaccounts for the compo-

sitional nature of the relative abundance data and relies on the analysis of differences in pairwise log-ratios while controlling for false

discoveries. We applied ANCOMwith FDR correction of 0.05. A high ‘‘w score’’ generated by this test indicates the greater likelihood

that the null hypothesis can be rejected, indicating the number of times a parameter is significantly different between groups.

Statistical analysis of targeted metabolite data: Targeted metabolomics analysis was performed using Metaboanalyst R plugin.

Samples with over 50%missing valueswere omitted fromanalysis. Missing valueswere then replacedwith values at 1/5 of the lowest

detectable measurement for a given metabolite. Values were then log-transformed and scaled. Fold change analysis and unpaired
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t-test were performed using cutoffs of FC>2 and p<0.05 respectively. PERMANOVA was used to determine broad differences be-

tween metabolites amongst pooled pre- and post- surgery groupings. PCA plots, volcano plots and heatmaps were also performed

using Metaboanalyst and graphed using Graphpad Prism 9.

All graphs were prepared and statistical analysis performed using GraphPad Prism 9.0 (GraphPad Software). The statistical

significance of the differences between various treatments or groups was measured by Permanova or Student’s t test or Wilcoxon

test. All the results are expressed as means ± S.E.M. P < .05 was considered statistically significant, *P < .05; **P < .005; ***P < .0005

and ****P <0.0001.
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