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ABSTRACT
Bariatric surgery remains a potent therapy for nonalcoholic fatty liver disease (NAFLD), but its 
inherent risk and eligibility requirement limit its adoption. Therefore, understanding how bariatric 
surgery improves NAFLD is paramount to developing novel therapeutics. Here, we show that the 
microbiome changes induced by sleeve gastrectomy (SG) reduce glucose-dependent insulinotropic 
polypeptide (GIP) signaling and confer resistance against diet-induced obesity (DIO) and NAFLD. 
We examined a cohort of NALFD patients undergoing SG and evaluated their microbiome, serum 
metabolites, and GI hormones. We observed significant changes in Bacteroides, lipid-related meta-
bolites, and reduction in GIP. To examine if the changes in the microbiome were causally related to 
NAFLD, we performed fecal microbial transplants in antibiotic-treated mice from patients before 
and after their surgery who had significant weight loss and improvement of their NAFLD. Mice 
transplanted with the microbiome of patients after bariatric surgery were more resistant to DIO and 
NAFLD development compared to mice transplanted with the microbiome of patients before 
surgery. This resistance to DIO and NAFLD was also associated with a reduction in GIP levels in 
mice with post-bariatric microbiome. We further show that the reduction in GIP was related to 
higher levels of Akkermansia and differing levels of indolepropionate, bacteria-derived tryptophan- 
related metabolite. Overall, this is one of the few studies showing that GIP signaling is altered by the 
gut microbiome, and it supports that the positive effect of bariatric surgery on NAFLD is in part due 
to microbiome changes.
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Introduction

Obesity affects one out of every four Americans, 
and nonalcoholic fatty liver disease (NAFLD) 
affects almost 40–50% of obese patients1. NAFLD 
is estimated to affect up to 30–50% of all obese 
patients.2 There are many factors that contribute 
to the development of NAFLD, which include 
genetics, lipid metabolism, diet, and host metabo-
lism. Despite the rising tide of NAFLD incidence, 
there are currently no approved medications for the 
treatment or prevention of NAFLD. While diet and 
exercise remain pivotal to the treatment of NAFLD, 
only 10–15% of patients are able to reach and 
sustain sufficient weight loss to affect NAFLD 
progression.3 One of the most effective long-term 
therapies for obesity and NAFLD has been bariatric 
surgery.4 However, not every NAFLD patient is 
a candidate for bariatric surgery, and not every 
eligible patient is willing to undergo surgery for 
weight loss. Therefore, continued research in this 
field of medical therapy is paramount to the devel-
opment of novel therapeutics.

One area that has shown promise in the field of 
NAFLD is the gut microbiome. Over the last dec-
ade, the gut microbiome has been shown to play 
a pivotal role in the development of obesity, insulin 
resistance, NAFLD, and liver fibrosis.5–9 Germ-free 
mice have lower body fat and are more resistant to 
obesity than conventionally housed mice.10 Using 
fecal microbial transplants, the obesity phenotype 
has been shown to be transferable via the gut 
microbiome.11 Similar transfer experiments were 
done in obese patients undergoing bariatric 
surgery.12 Yet, the exact mechanism by which the 
gut microbiome modulates obesity and NAFLD is 
still unclear. In our study examining human data, 
we have shown specific bacterial taxa associated 
with hepatic steatosis,13 NAFLD-related fibrosis,14 

and weight loss.15 While many studies have shown 
strong associations with the intestinal microbiome 
and NAFLD, few have shown causal links. 
Therefore, the purpose of our study is to examine 
the mechanism by which microbiome changes 
induced by bariatric surgery can cause alterations 
in weight and NAFLD development. In our current 
study, we have shown through microbial transfer 
into antibiotic-treated mice that the gut micro-
biome changes induced by bariatric surgery impart 

resistance to weight gain and NAFLD through 
altered glucose-dependent insulinotropic polypep-
tide (GIP) hormone signaling.

GIP and glucagon-like peptide (GLP-1) are two 
incretin hormones secreted by the enteroendocrine 
system. However, unlike GLP-1, GIP is less studied 
and has not yet become a pharmacological therapy 
for the treatment of obesity or NAFLD. GIP plays 
an important role in lipid metabolism, satiety and 
insulin sensitivity.16 We show in our cohort of 
NAFLD patients undergoing bariatric surgery that 
GIP hormone levels decrease significantly with 
sleeve gastrectomy and weight loss. In our micro-
biome transfer experiments, mice with the micro-
biome of prebariatric surgery patients (i.e., obese) 
had higher levels of GIP hormone and worse 
NAFLD than mice with the microbiome of post- 
bariatric surgery patients (i.e., leaner).

Results

Sleeve gastrectomy leads to significant reduction in 
weight and inflammatory markers

Mirroring larger and previously published studies 
on bariatric surgery, we evaluated a small cohort of 
NAFLD patients undergoing bariatric surgery and 
collected their stools for our mouse transfer experi-
ment. We examined a cohort of morbidly obese 
females (n = 18), all of whom had NAFLD, under-
going sleeve gastrectomy. The average age of our 
cohort was 37.1 ± 9.4 years old. The average weight 
and BMI at baseline were 118.5 ± 18.8 kg and 
44.7 ± 4.9, respectively. The ethnicity of patients 
was predominantly non-Hispanic White (44.4%) 
followed by Hispanic (38.9%) (Supplemental 
Table S1) There was significant weight loss at 6 
months (118.5 kg ± 18.8 vs 89.7 kg ± 16.9, 
P < 0.001). Of the 18 patients, 12 had sustained 
weight loss of at least 20% of baseline bodyweight at 
1 year. Associated with weight loss, there was 
a significant reduction in fasting glucose and 
inflammatory markers, such as C-reactive protein 
(CRP) and lipopolysaccharide-binding protein 
(LBP) (Figure 1) at 6 months.

Gut Microbiome Predicts Weight Loss and Sleeve 
Gastrectomy Leads to Significant Changes in 
Microbiome and Serum Metabolites
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Patients who had sustained weight loss of at 
least 20% from their baseline weight had sig-
nificantly different microbiomes at baseline as 
evaluated through beta diversity (p < .001) at 
6 months (Figure 2). Patients with sustained 
weight loss also had significantly lower alpha 
diversity at baseline and at follow-up 
(P = 0.02). Taxonomic plots by genus showed 
that patients with sustained weight loss (SWL) 
had more Bacteroides at baseline and that the 
relative abundance of Bacteroides increased 
with time. However, patients without sustained 
weight loss had lower relative abundance of 
Bacteroides at baseline, and their levels did not 
change over time.

There were no significant differences in either beta 
or alpha diversity between patients’ samples before vs. 
after surgery. Microbiome analysis between groups 
adjusting for sustained weight loss and patients 
showed that patients had 12 genera that were altered 
after bariatric surgery. These included 
Ruminococcaceae UCG-005, Klebsiella, (f) 
Lachnospiraceae, Acetanaerobacterium, Bacteroides, 
Blautia, Phascolarctobacterium, Capriociproducens, 
Lachnospiraceae NK4A136 group, Ruminococcus 2, 
Agathobacter, Veillonella (q-value <0.05). The genus 

with the largest relative abundance was Bacteroides 
(22.5% at baseline in patients without sustained weight 
loss and 36.6% at baseline in patients with sustained 
weight loss) and it was increased after sleeve gastrect-
omy (25.0% at 6-month post-surgery in patients with-
out sustained weight loss and 42.8% at 6-month post- 
surgery in patients with sustained weight loss).

In addition to 16S sequencing, fasting blood 
serum was analyzed for metabolites using an untar-
geted metabolomic platform. After adjusting for 
multiple hypothesis testing, 46 metabolites were 
found to be different at 6-month post-surgery as 
compared to baseline values. Thirty-one of the 46 
metabolites were involved in lipid metabolism and 
nine were related to amino acid metabolism. 
Figure 2c shows each differentially abundant meta-
bolite and their relative amount across the three 
timepoints.

Sleeve gastrectomy leads to significant alteration of 
circulating gastrointestinal hormones
Similar to microbiome and serum metabolite 
changes, sleeve gastrectomy also led to significant 
changes in circulating gastrointestinal hormones. 
Eleven different GI hormones were tested and of 
those six were altered by sleeve gastrectomy 

Figure 1. Bariatric surgery in humans leads to reduction in weight, insulin resistance, and inflammatory markers. (A) Weight change of 
patients undergoing sleeve gastrectomy at 6-month and 1-year post-sleeve gastrectomy. (B) Percent weight change from baseline at 
6-month and 1-year post-surgery, colored by those with sustained weight loss (i.e., at least 20% weight loss). Also shown, is (C) BMI, 
(D) fasting glucose, (E) C-reactive protein (CRP), and (F) lipopolysaccharide binding protein (LBP) over time. *indicates P-values<0.05. 
N = 18.
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(figure 2f-K). Leptin (P < 0.001), insulin 
(P = 0.019), C-peptide (P = 0.02), glucagon-like 
peptide-1 (GLP-1) (P = 0.024), amylin 
(Pp = 0.042), and GIP (P = 0.042) were reduced 
at 6-month post-sleeve gastrectomy, while gluca-
gon (P = 0.024) was increased at 6-months. There 
was no difference at 6-months as compared to the 
baseline values for IL-6, MCP-1, pancreatic poly-
peptide (PP), peptide YY (PYY), and ghrelin 
(Supplemental Figure S1).

Microbiome changes induced by bariatric surgery 
prevents diet-induced obesity and NAFLD 
development
To prove a causal link between the microbiome 
changes induced by sleeve gastrectomy and 
NAFLD, we performed fecal microbial transplants 
from human donors into antibiotic-treated mice 
and placed the mice on either a standard diet (SD) 
or a diet high in fat, fructose, and cholesterol (HFD) 
for 90 days. Because of the important role that the 

Figure 2. Microbiome, serum metabolite, and GI hormone changes with bariatric surgery. (A) Principal coordinate analysis plot (i.e., 
beta diversity). Each dot represents a patient sample and it is colored by sustained weight loss with shapes indicating what time point 
the sample was collected. Lines connect an individual patient sample over time. (B) Alpha diversity as measured by Shannon Index. (C) 
Heatmap showing all the differentially abundant serum metabolites grouped by super pathways. (D) Taxonomic summary plots of 
genera with at least a relative abundance of ≥1%. (E) Differential abundance testing by MaAsLin showing bacteria genera that are 
different at 6 months as compared to baseline for patients adjusting for sustained weight loss (SWL) with patient ID as a random 
effect. (F-K) For the GI hormones, patients were given a standard meal and blood at fasting, 30 minutes, 60 minutes, and 90 minutes 
were sampled for various GI hormones. Circulating GI hormone was then measured across time and the area under the curve (AUC) for 
each hormone at baseline and at 6-months post-sleeve gastrectomy is shown for (F) leptin, (G) insulin, (H) glucagon, (I) glucagon-like 
peptide 1 (GLP1), (J) amylin, and (K) glucose-dependent insulinotropic polypeptide (GIP). N = 18.

4 T. S. DONG ET AL.



immune system plays in NAFLD development and 
progression, we opted to use antibiotic treated mice 
instead of germ-free mice, as germ-free mice have 
an altered immune system as compared to SPF 
mice.17 All donors had sustained weight loss of at 
least 20% reduction in body weight at 6 months. All 
donors also had NAFLD at the baseline that 
resolved 6 months after bariatric surgery. 16S 
sequencing and beta diversity testing showed that 
the mice were most similar to each other and their 
human donor (Supplemental Figure S2) and that 
the mice had at least 70% of their human donor 

genera present within their newly established 
microbiome. Antibiotic treated mice transplanted 
with baseline donor stools (i.e., PRE) gained sig-
nificantly more weight while on SD or HFD as 
compared to antibiotic-treated mice transplanted 
with donor stool 6 months after sleeve gastrectomy 
(i.e., POST) (Figure 3). There were no significant 
differences in cumulative food intake in either 
group. The difference in weight gain was due to 
differences in fat percentage as measured by 
echoMRI. The POST group had significantly 
less percent body fat and higher percent lean body 

Figure 3. Bariatric surgery-induced microbiome changes protect against diet-induced obesity. Microbiome from donors before 
bariatric surgery (PRE) and after bariatric surgery (POST) were transplanted into antibiotic treated mice. Mice were then placed on 
either a standard diet (SD) or a diet high in fat, fructose, and cholesterol (HFD) for 90 days. Weight change of mice of the PRE and POST 
group on a (A) SD or a (B) HFD. Cumulative food intake of mice on a (C) SD or a (D) HFD. Body composition of the mice by EchoMRI as 
shown as (E) percent body fat or as (F) percent lean body mass. *indicates P-values<0.05. N = 16 per group.
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mass both on SD or HFD as the PRE group 
(P < 0.05). While there was a difference in weight 
gain, there were no differences in glucose tolerance 
testing or serum cholesterol while on a HFD 
(Supplemental Figure S3). The POST group did 
have improved glucose tolerance testing and 
serum total cholesterol and low-density lipopro-
tein/very low-density lipoprotein (LDL/VLDL) as 
compared to the PRE group but only while on a SD.

Similar to the findings on weight, the PRE group 
had significantly elevated hepatic steatosis while on 
SD and HFD as compared to the POST group both 
by oil red o staining (representative slides are 
shown in Figure 4 and quantification by ImageJ is 
shown in Supplemental Figure S4) and by triglycer-
ide content (P < 0.05) (Figure 4). The weight of the 
liver was significantly lower in the POST HFD 
group as compared to the PRE HFD group 

Figure 4. Bariatric surgery induced microbiome changes protect against NAFLD development. (A-B) Characteristic oil red o staining of 
liver section of mice receiving microbiome from patients before surgery (PRE) and 6 months after bariatric surgery (POST) on either 
a standard diet (SD) or a diet high in fat, fructose, and cholesterol (HFD). (C-D) Typical H&E staining of liver sections of mice by donor 
group (PRE vs POST) and by diet (SD vs HFD). (E) Excised liver weights of mice by donor group and diet. (F) Triglyceride quantification 
of liver sections. (G) NAFLD activity score of H&E-stained liver sections. N = 16 per group.
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(P < 0.05). The hematoxylin and eosin–stained liver 
sections of these mice were reviewed by an inde-
pendent pathologist, and the NAFLD activity score 
was higher in the PRE group as compared to the 
POST only while on a HFD (P < 0.05).

Microbiome regulates GIP release potentially through 
shifts of Akkermansia and metabolites
We then examined if these groups of mice had 
differing levels of gastrointestinal (GI) hormone 
expression. At the end of the 90 days, mice were 
fasted overnight, and blood was collected for GI 
hormone testing. While mice on a HFD had higher 
levels of resistin, leptin, amylin, insulin, C-peptide, 
and PYY hormone (P < 0.05), there were no differ-
ences in levels of these hormones between the PRE 
vs POST groups on either diet (Figure 5). The only 
hormone that was altered by the microbiome was 
GIP. The mice on a HFD had higher levels of GIP 
than mice on a SD (P < 0.001). Additionally, mice 
in the POST group had lower levels of GIP than 
mice in the PRE group both on a SD (P = 0.04) and 
an HFD (P = 0.02) (Figure 5). There were no sig-
nificant differences in diet or microbiome donor 
group for any other GI hormones tested 
(Supplemental Figure S5). Using a general linear 
model, we observed that GIP levels were indepen-
dently associated with hepatic triglyceride levels 
adjusting for the diet of the mice and whether 
they received stools from donors before or after 
surgery (i.e., donor group) (P.adj = 0.006) 
(Figure 5h).

Because GIP is expressed predominantly in the 
proximal small bowel, we then analyzed the compo-
sition of the microbiome in the proximal small intes-
tine of these mice using 16S sequencing (Figure 6), 
specifically examining the mucosa-associated micro-
biome. The major genus that made up the proximal 
small bowel mucosa microbiome was Akkermansia. 
From the taxonomic plots, we see that Akkermansia 
increased in the POST group as compared to the 
PRE group. Differential abundance testing showed 
this relationship to be true in both the SD 
(Figure 6b) and the HFD group (Figure 6c) 
(q-value <0.05). An unidentified genus belonging 
to the family Erysipelotrichaceae was also elevated 
in the POST group on both HFD and SD. No other 
genera were differentially abundant between the 
PRE and POST groups adjusting for diet. 

Bacteroides, was only elevated in the POST group 
while on a HFD alone. Of the two genera that were 
different in the POST group as compared to the PRE 
group on both diets, only Akkermansia was asso-
ciated with GIP level independent of diet and donor 
group (P.adj = 0.02). We see that Akkermansia had 
a negative association with GIP levels (Figure 6d). 
Furthermore, when we analyzed whether 
Akkermansia was associated with NAFLD, we saw 
that Akkermansia was negatively associated with 
hepatic triglyceride, independent of diet and donor 
group (P.adj = 0.01) (Figure 6d). Bacteroides was not 
associated with GIP levels or hepatic triglyceride. 
Post-hoc analysis of Akkermansia levels in the 
donor stool showed that the donors’ average relative 
abundance of Akkermansia in their stool was 0.15% 
before surgery and the average relative abundance of 
Akkermansia in their stool after surgery was 13.6% 
(P = 0.12).

In order to examine the potential function of 
these microbiota changes and how they may be 
related to NAFLD, we also processed the portal 
blood for circulating metabolites. Portal blood was 
selected for metabolite analysis to identify bacterial 
metabolites that could cross the epithelial barrier 
and thereby have the greatest potential to modulate 
gastrointestinal hormone production and directly 
affect NAFLD development. Because tryptophan- 
related metabolites are highly dependent on the 
microbiome18 and have been shown to be directly 
related to obesity,19 we focused our analysis on tryp-
tophan-related metabolites. The full list of the 21 
metabolites tested is shown in Supplemental Table 
S3. From the principal component analysis, we see 
that the majority of metabolite differences were due 
to whether the mice were on a SD or a HFD 
(Figure 7a). Nine tryptophan-related metabolites 
were associated with diet independent of donor 
group (P < 0.05) (Figure 7b). The metabolites that 
were higher in SD were anthranilate, indole-3-car-
boxylate, indolepropionate, kynurenine, 
N-actylkynurenine, N-formylanthranillic acid, pico-
linate, and 3-indoxyl sulfate. Only the metabolite 
oxindolylalanine was lower in the SD group as com-
pared to the HFD group. When adjusting for the 
diet, only three tryptophan-related metabolites were 
different in the POST group as compared to the PRE 
group: indoleacrylate indolepropionate, and kynur-
enate (P < 0.05) (Figure 7c). Of these metabolites, 
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Figure 5. GIP is altered by the microbiome and diet and is associated with NAFLD severity. Serum samples of mice were collected after 
a 9-hour fast. Hormone profile is shown for (A) resistin, (B) leptin, (C) amylin, (D) insulin, (E) C-peptide, (F) PYY, and (G) GIP colored by 
diet (SD vs HFD) and by donor group (PRE vs POST). (H) Scatter plot showing the relationship between GIP and hepatic triglyceride 
content. Unadjusted and adjusted P-values adjusting for diet and donor group are shown. *indicates P-value<0.05. N = 16 per group, 
64 mice total.
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only indolepropionate was associated with GIP. 
Adjusting for diet and donor group, 
Indolepropionate was negatively associated with 
GIP (P.adj = 0.02) and positively associated with 
Akkermansia (P.adj = 0.001). Indolepropionate was 
also negatively associated with hepatic triglyceride 
content (unadjusted P-value = 0.009), but after 
adjusting for diet and donor groups, it was not 
significant (P.adj = 0.42).

Discussion

Bariatric surgery has the best long-term outcome 
profile among treatments for obesity and NAFLD. 
While there are many factors that are responsible 
for weight loss in bariatric surgery patients, we 
show here in our study that the microbiome 
changes induced by bariatric surgery can alter 
weight gain and NAFLD development through 

changes in GIP signaling. Even though the main 
reason for our human study was to gain fecal sam-
ples before and after surgery for our mouse transfer 
experiment, our small cohort showed similar posi-
tive long-term effects of sleeve gastrectomy on obe-
sity and NAFLD as previously published data on 
larger cohorts.20 Patients who underwent laparo-
scopic sleeve gastrectomy were able to achieve on 
average 25.4% of total body weight loss at 1 year. 
This was associated with a decrease in inflamma-
tory markers, such as hs-CRP and LBP. Previous 
studies examining adipose tissue have shown that 
pro-inflammatory cytokines like IL-6 and tumor 
necrosis factor-α (TNF-α) expression are higher in 
adipose tissue of obese patients as compared to lean 
patients.21,22 In other prospective studies examin-
ing bariatric surgery, researchers have found that, 
with bariatric surgery and a decrease in adiposity, 
IL-6 and TNF-α decreases both in the serum and in 

Figure 6. Mucosal Akkermansia is associated with the POST donor microbiome group and is negatively associated with hepatic 
triglyceride content and GIP levels. (A) Taxonomic plots of proximal small intestine mucosa-associated microbiome by donor group 
and diet. Genera shown are those with at least 0.1% relative abundance. (B-C) Differential abundance testing by DESeq2 between 
POST SD vs PRE SD and POST HFD vs PRE HFD. All bacteria shown have q-value <0.05. (D-E) Scatter plot showing the relationship 
between Akkermansia relative abundance and GIP level and hepatic triglyceride content, respectively. P-values listed are both 
unadjusted and adjusted for diet and donor group. N = 16 per group, 64 mice total.
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the adipose tissue.20 Severe obesity is also marked 
by severe insulin resistance, leptin resistance, and 
elevated GIP levels.23 Here, we show that with 
a reduction in weight through bariatric surgery, 
insulin resistance is improved, and basal leptin 
and GIP levels are lowered, similar to larger 
human trials of bariatric surgery patients.20

While laparoscopic sleeve gastrectomy may not 
alter the GI tract as much as a Roux-en-Y gastric 
bypass, it is still able to cause significant long-term 
shifts in the gut microbiome. In our study, we saw 
that Bacteroides increased after sleeve gastrectomy 
and this increase was more pronounced in patients 
who had sustained weight loss. In studies examin-
ing the gut microbiome and obesity, Bacteroides has 
been shown to be negatively associated with 
obesity.10,24,25 Therefore, the increase in 
Bacteroides over time is in line with previously 
published microbial data.

To show that microbiome changes in bariatric 
surgery are causally related to NAFLD, we trans-
planted the microbiome of patients with NAFLD 

before and after bariatric surgery into antibiotic 
treated mice. The results show that the microbiome 
of patients before bariatric surgery increased weight 
and body fat gains as compared to the microbiome 
after surgery. These changes were also associated 
with worse NAFLD and higher levels of GIP irre-
spective of diet. In a landmark paper by Tremaroli 
et al., they showed similar results of increased 
weight gain in germ-free mice transplanted with 
pre-bariatric microbiome compared to germ-free 
mice transplanted with post-bariatric microbiome 
while on a standard diet.12 In their study, there was 
no difference in food intake, respiratory quotient, 
or activity level in mice transplanted with con-
trolled microbiome versus those transplanted with 
post-laparoscopic sleeve gastrectomy 
microbiome.12 Our study corroborates that finding. 
The exact mechanism by which the gut microbiome 
can cause obesity is still an active area of research. It 
is likely multifactorial with evidence of bile acid 
modulation, farnesoid X receptor signaling, short- 
chain fatty acid signaling, alterations in the brain– 

Figure 7. Indolepropionate is positively associated with Akkermansia and negatively associated with GIP. (A) Principal component 
analysis plot of portal vein metabolites by diet and donor group. Ellipses shown are 95% confidence intervals. (B) Tryptophan-related 
metabolites that are different by diet when adjusting for donor group (P-values<0.05) (data represented is a relative scale using 
a median-scale normalization method). (C) Tryptophan-related metabolites that are different by donor group adjusting for diet 
(P-values<0.05) (data represented is a relative scale using a median-scale normalization method). Scatter plot showing relationship 
between indolepropionate and (D) GIP, (E) Akkermansia, and (F) hepatic triglyceride content. P-values shown are unadjusted and 
adjusted for diet and donor group. N = 16 per group, 64 mice total.
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gut axis, and increased energy extraction.26–28 In 
our study, we propose that another mechanism is 
through alteration of such key GI hormones as GIP.

GIP is an incretin hormone released by K cells in 
the small intestine after the intake of either fat or 
glucose. Animal models from global knockout stu-
dies of GIPR and antagonism of GIPR have shown 
that a reduction of GIP signaling is protective 
against obesity and NAFLD.29 Mice with adipocyte- 
specific GIPR KO had lower hepatic triglyceride 
content and hepatic steatosis even while on a high- 
fat diet, and this change was associated with 
a significant reduction of the pro-inflammatory 
adipokine, IL-6.30 There is also evidence showing 
that GIP release leads to liver fat accumulation with 
consumption of foods with high glycemic index 
(i.e., simple sugars like sucrose) as compared to 
those with low glycemic index (i.e., complex sugars 
like isomaltulose).31 Faster digestion of sucrose and 
more proximal small intestine uptake of glucose led 
to higher levels of GIP release, while slower diges-
tion of isomaltulose bypassed GIP release by K cells 
and stimulated GLP-1 release by L cells in the distal 
small intestine.31 Further evidence supporting the 
role of GIP in hepatic steatosis is shown in animal 
models chronically fed with a diet high in sucrose. 
Diets high in sucrose resulted in higher glucose 
absorption, higher GIP release, and higher hepatic 
fat accumulation as compared to diets high in iso-
maltulose. This difference was absent in mice with 
deletion of GIPR.32 This has led many to believe 
that GIP antagonism can be used as a potential 
target for NAFLD. This has been proven in several 
mouse models where GIP antagonism administra-
tion was shown to reduce steatosis and weight in 
mice with NAFLD.33,34

Because the majority of GIP is released in the 
proximal small intestine, we examined the micro-
bial composition of the proximal small intestine 
mucosa to see which bacteria may be regulating 
GIP release, and we found that Akkermansia was 
negatively associated with GIP levels. Akkermansia 
is likely one of the most well-studied genera relat-
ing to both obesity and fatty liver disease.35–37 

Several studies in humans, including our own, 
have shown that Akkermansia was negatively asso-
ciated with obesity and NAFLD.13,19,37–39 

Mechanisms by which Akkermansia is protective 
against obesity include restoration of gut epithelial 

function, changes in lipid metabolism, and regula-
tion of the host immune system.40 In a small 
human clinical trial, Akkermansia supplementation 
led to improved weight and insulin resistance.41 In 
our study, we propose that Akkermansia may also 
be of benefit to NAFLD and obesity by inhibiting 
GIP release.

One way by which microbes communicate with 
the host is through alterations of metabolites. 
Similar to our previous work on tryptophan- 
related metabolites in obesity,19 we found that 
three tryptophan-related metabolites in the portal 
vein associated with microbiome changes indepen-
dent of diet. Of those three, only indolepropionate 
was independently associated with GIP levels, with 
increasing levels of indolepropionate associated 
with lower levels of GIP. Indoles are created 
through the bacterial metabolism of tryptophan, 
and their production is heavily dependent on bac-
teria. A metabolite study demonstrated that indo-
lepropionate was only detectable in the plasma of 
conventionally housed mice and not germ-free 
mice.18 One known function of indolepropionate 
is its ability to bind and activate Pregnane 
X receptor (PXR) which leads to improved intest-
inal barrier function and reduction of enterocyte 
tumor necrosis factor-α (TNF-α), two features that 
are abnormal in patients with NAFLD.42 

Additionally, indolepropionate has strong correla-
tions with human obesity and fatty liver disease. 
For example, in our previous research on obese 
females with food addiction, indolepropionate was 
negatively associated with obesity and food addic-
tion while being positively correlated with 
Akkermansia.19 In a Finnish study, indoleproprio-
nate was negatively associated with type 2 
diabetes.43 Therefore, the positive correlation of 
indolepropionate with Akkermansia and negative 
association with GIP levels is consistent with pre-
viously published studies.

Limitations of study

While this study does show a novel interaction 
between bariatric surgery-induced microbiome 
changes and GIP release, the human cohort is 
small and consists only of females, and so is poten-
tially affected by sampling bias. Therefore, contra-
dictory findings such as GLP-1 decreasing after 
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sleeve gastrectomy, while seen in other small 
studies,44 are not corroborated by other larger stu-
dies or meta-analysis.45 We conducted this small 
evaluation in humans in order to obtain fecal sam-
ples for our mouse experiment in order to prove 
a causal relationship between the microbiome 
changes induced by bariatric surgery and NAFLD. 
However, our other findings in the sleeve gastrect-
omy cohort in regard to weight loss, improvement 
in NAFLD, and reduction in GIP are corroborated 
by larger, more diverse studies of bariatric 
surgery.46,47 Therefore, our human data add to the 
already established literature on bariatric surgery 
and microbiome changes. We also demonstrate 
through microbial transfer into antibiotic treated 
mice that changes in Akkermansia in the proximal 
small intestine were associated with changes in 
indolepropionate levels and GIP. However, the cor-
relation between Akkermansia and metabolite 
changes with GIP does not provide evidence of 
a causal link between these factors and GIP release. 
Future animal studies involving Akkermansia and 
metabolite supplementation will be needed to 
determine any causal relationship between these 
factors and GIP hormone levels. Furthermore, we 
did not perform a full metabolome analysis of our 
mouse samples, therefore other potential metabo-
lites in the serum and metabolites in the stool could 
also play an important role in altered GIP signaling, 
such as short chain fatty acids or other amino acids 
in addition to indolepropionate. Future studies 
could include full metabolomic profiles in serum 
and stool to examine other potential molecules that 
may be key in this pathway. This study shows that 
differences in microbiome composition caused by 
bariatric surgery are sufficient to alter GIP signal-
ing, but more testing will be required to determine 
which bacteria-related products are responsible for 
that effect. Because GI hormone testing in our mice 
was performed, while fasting, it is also possible that 
other hormones were affected by the microbiome 
but could only be seen in a post-prandial state. 
Future experiments would also include repeating 
this same experiment in mice with an already estab-
lished diagnosis of DIO and NAFLD to determine if 
microbiome changes are effective as treatments for 
DIO and NAFLD.

Conclusion

This is the first study that we are aware of that 
shows that the microbiome modifies GIP signaling. 
This study shows that microbiome changes induced 
by bariatric surgery prevent diet-induced obesity 
and NAFLD by altering GIP signaling. These find-
ings suggest the possibility of the microbiome as 
a means to prevent NAFLD development and 
further support the possibility of GIP antagonism 
as a treatment for NAFLD.

Materials and methods

Patient recruitment

There have been many studies to date on the effects 
of bariatric surgery on the gut microbiome, GI 
hormone signaling, and weight loss. Since our 
main goal was to examine the causal relationship 
between microbiome changes and NAFLD devel-
opment, we performed a small cohort study meant 
to replicate other larger human bariatric cohort 
studies in order to collect samples for our mouse 
transfer experiment. Patients were recruited from 
the University of California, Los Angeles Bariatric 
Surgery Program. To avoid confounding effects of 
different types of surgery and potential effects of sex 
on the intestinal microbiome, only adult female 
patients undergoing laparoscopic sleeve gastrect-
omy were recruited. Patients were eligible if they 
were considering bariatric surgery, had NAFLD, 
and met eligibility for surgery following the 
Guidelines for Clinical Application of 
Laparoscopic Bariatric Surgery of American 
Gastrointestinal and Endoscopic Surgeons.48 

NAFLD was determined by the absence of viral 
hepatitis, a lack of heavy alcohol use, and the pre-
sence of either elevated transaminases or imaging 
or pathology consistent with fatty liver disease. 
Patients were excluded if they had a history of 
major gastrointestinal surgery, cirrhosis, use of 
medications that affect intestinal motility, current 
or past alcohol or drug abuse, pregnancy, inflam-
matory bowel disease, irritable bowel syndrome, 
and use of probiotics or antibiotics within 
1 month of recruitment. We collected their stools 
and blood before and 6 months after their surgery. 
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Demographic information such as height, weight, 
race, and ethnicity was also collected. All patient 
research was performed in accordance with the 
Declaration of Helsinki and was approved by the 
Ethics Committee of the UCLA Institutional 
Review Board (IRB#13-001552).

Human cytokine and gastrointestinal hormone 
profiling
Fasting blood was collected from patients at base-
line and at 6 months post-bariatric surgery. 
C-reactive protein (CRP) (Abcam, ab260058) and 
lipopolysaccharide-binding protein (LBP) (Abcam, 
ab279407) were tested using an Elisa kit per the 
manufacturer’s recommendation. In addition to hs- 
CRP and LBP testing, we also performed gastroin-
testinal hormone testing using a Luminex multiplex 
assay (Milliplex, Sigma) at fasting and postprandial. 
After a 12-hour fast, patients were given a liquid 
test meal (500 kcal, 70 g carbohydrate, 36 g protein, 
and 7 g fat). All patients finished the liquid test 
meal. Blood from GI hormones was measured at 
fasting, 30 minutes, 60 minutes, and 90 minutes 
postprandial. This testing was performed pre- and 
6-months post-surgery. The following GI hor-
mones were screened: amylin (total), C-peptide, 
GIP, GLP-1, glucagon, interleukin-6 (IL-6), insulin, 
leptin, MCP-1, PP, PYY, and ghrelin.

Human stool collection and 16S sequencing
Stool was collected within 1 week before their 
scheduled surgery and at 6- and 12-month post- 
surgery. Fresh stool was collected and frozen 
immediately and stored at −80°C. Afterward, 
frozen stool was aliquoted for further analysis. 
DNA was extracted using the ZymoBIOMICS 
DNA Microprep Kit (Zymo Research, USA) per 
the manufacturer’s instruction. The V4 region of 
the 16S ribosomal RNA gene was amplified by 
PCR using the 515 F-806 R primer set.49 Samples 
then underwent 250 × 2 paired-end sequencing 
on an Illumina HiSeq (Illumina, San Diego, CA, 
USA) .49 Raw fastq files were processed using the 
DADA2 pipeline in R, which assigns taxonomy 
using the SILVA 132 database and default 
parameters.50 After pre-processing in R utilizing 
DADA2, the data were incorporated into QIIME 
2 version 2019.10.51 To remove sparse amplicon 
sequence variants (ASVs), ASVs were filtered if 

not present in at least 15% of all samples, similar 
to our previous publications.9,15 Sequence depths 
ranged from 60,710 to 269,258 per sample.

Human metabolomics
Serum was collected from patients at baseline 
before surgery and at 6- and 12-month post- 
surgery and stored at −80°C. Serum samples were 
then sent to Metabolon, Inc. (Morrisville, NC, 
USA), as a single batch on their global metabolomic 
and bioinformatic platform. Samples were pro-
cessed and analyzed using their integrated platform 
that combines automated sample preparation, 
Liquid Chromatography/Gas Chromatography/ 
Mass Spectrometry (LC/GC/MS), peak identifica-
tion and deconvolution, and chemical intelligence.

Statistical analysis- human data
Demographic data such as age, BMI, and weight are 
expressed as means with their standard deviation. 
Comparison between means was done using 
Student’s paired t-test. Categorical data such as 
race/ethnicity were compared using Fisher's exact 
test. Comparison of weight, BMI, fasting glucose, 
hs-CRP, LBP, and GI hormone changes over time 
was done using a paired Wilcoxon signed-rank test.

For microbiome data, alpha diversity was cal-
culated using the Shannon index (a metric that 
combines both species richness and species even-
ness) through QIIME2. For alpha diversity, the 
data were rarefied to 60,710 reads. The statistical 
significance of Shannon index was calculated 
using analysis of variance (ANOVA) adjusting 
for subject ID. Beta diversity was determined 
using the robust Aitchison distance metric in 
QIIME2 using the DEICODE package. This 
newer distance metric is better able to discrimi-
nate differences as compared to other distance 
metrics, such as UniFrac or Bray-Curtis.52 

Differences in beta diversity were determined 
using a permutational multivariate analysis of var-
iance through the ‘adonis’ package in R (version 
4.1.2) adjusting for subject ID.15 Differential 
abundance of genera was performed using 
MaAsLin with patient ID as a random effect.53

For metabolite data, data were transformed 
using a median-scale normalization method in 
which each metabolite is divided by the median. 
For human data, comparison of metabolites 
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between time points was performed using ANOVA 
adjusting for subject ID. P-values were adjusted for 
multiple hypothesis testing using the Benjamin- 
Hochberg correction method.54 Statistically signifi-
cant metabolites were visualized using a heatmap 
generated in R through the ‘gplots’ package and 
heatmap.2 function.

Mouse experiment
Following an established protocol for engraftment 
of human microbiome into antibiotic-treated mice 
that utilizes a combination of systemically absorbed 
(ampicillin, cefoperazone, and clindamycin) and 
non-systemically absorbed antibiotics (ertapenem, 
neomycin, and vancomycin) over a 21-day 
course,55 we took samples from 4 donors (before 
and 6-months after surgery) and transplanted their 
microbiome via oral gavage into mice (C57/Bl6, 
males, age 6–8 weeks old) after they were treated 
with a 21-day course of antibiotics 3 times over 
a course of a week (Please see Supplemental 
Figure S6 for a detail description of the antibiotic 
treatment and gavage). The mice were then placed 
either on a standard double irradiated diet (10% fat 
by kcal, 0% fructose, and 0% cholesterol) (Research 
Diets, #D19082701) or a Western high-fat double- 
irradiated diet (40% fat, 20% fructose, 2% choles-
terol) (Research Diets, #D18061301) for 90 days (4 
donors × 2 time points × 2 diets × 4 mice per 
cage = 64 mice). The number of mice per cage is 
similar to other microbial transfer experiments in 
the past.12 Food was packaged into individual 1-kg 
bags. A new bag was used at each cage change. All 
mice were housed on a single rack, and only one 
person could change the food, water, and bedding 
of these mice over the 90 days to minimize cross- 
contamination. Please see Supplemental Figure S6 
for a schematic diagram of the animal experiments. 
All antibiotics were given at a concentration of 1 g/ 
L ad libitum in their water. About 1 g of frozen 
stool per timepoint and donor was resuspended in 
15 ml of pre-reduced PBS and then filtered through 
a 100 µm filter. Mice were then given with 200 µl of 
this solution. Microbial concentrations of the pre-
paration were determined using a Petroff-Hausser 
counting chamber, and approximately 1010 cells 
were gavage each time. All four human donors 
had fatty liver disease as seen on imaging or pathol-
ogy before their surgery and all had significant 

weight loss post-surgery (at least 20% of body 
weight from their baseline) with resolution of 
their fatty liver disease seen on either imaging or 
pathology. This research was approved by the 
UCLA Animal Research Committee and the 
Institutional Animal Care and Use Committee.

Mouse body composition and glucose tolerance 
testing
Weight of food consumed and body weight were 
collected weekly. Body composition, including lean 
body mass and fat mass, was performed at the end 
of the 90 days using an EchoMRI machine 
(EchoMRI LLC, Houston, TX, USA). One week 
before the conclusion of the 90-day diet trial, mice 
were fasted overnight for 9 hours and given 2 g/kg 
of glucose intraperitoneally. Serum glucose via tail 
vein sampling was measured via a glucometer 
(Aimstrip plus, Fisher Scientific) at times 0, 30 min-
utes, 60 minutes, and 90 minutes.

Mouse sample processing
The night before euthanasia, the mice fasted over-
night for 9 hours. Portal vein blood was collected by 
dissecting the portal vein and clamping the inferior 
vena cava above the liver and drawing up the blood 
via a capillary tube (Fischer, catalog #22260950). 
Because tryptophan-related metabolites are highly 
dependent on the microbiome18 and have been 
shown to be directly related to obesity,19 we focused 
our analysis on tryptophan-related metabolites by 
sending this portal vein to Metabolon, Inc. for 
processing as a single batch utilizing their trypto-
phan-related metabolite panel. Serum was then 
collected via heart puncture. The liver was then 
collected after perfusing the liver with 15 ml of 
sterile PBS via the inferior vena cava below the 
liver along with the entire gastrointestinal tract.

Cholesterol testing for mice
Cholesterol assay was performed using a total cho-
lesterol-high-density lipoprotein and LDL/VLDL 
kit as per manufacturer’s protocol (Abcam, catalog 
#ab65390).

Liver steatosis staining and quantification
Oil red O (Abcam) staining was done on frozen 
OCT embedded tissue as previously described.56 

Oil red O quantification was performed using 
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ImageJ, averaging the percentage of areas stained 
across four liver sections per mouse. Hematoxylin 
and eosin staining were performed by the histology 
core at the University of California, Los Angeles. 
NAFLD activity scores based on hematoxylin and 
eosin staining were calculated by a blinded pathol-
ogist for each mouse. Triglyceride content of the 
liver was quantified using a calorimetric triglycer-
ide assay kit (Abcam, ab65336).

Mouse GI hormone testing
Similar to human data, mouse serum was tested for 
circulating GI hormones and inflammatory mar-
kers using a Luminex multiplex assay (Milliplex, 
Sigma) after a 12-hour fast. The following GI hor-
mones were measured: amylin (total), C-peptide, 
GIP, GLP-1, glucagon, IL-6, insulin, leptin, MCP-1, 
PP, PYY, resistin, and ghrelin (active).

Mouse stool collection and 16S sequencing
Fresh fecal pellets were collected on the day of 
euthanasia and immediately frozen and then pro-
cessed for DNA and 16S sequencing similar to 
above with the human stool collection. Because 
a majority of GI hormones are released in the 
proximal small intestine, the proximal small intes-
tine mucosa were collected and underwent 16S 
rRNA gene sequencing.

Statistical analysis- mouse data
Comparison between groups was performed using 
the Student’s t-test. For microbiome data, beta 
diversity was calculated similar to above using 
the robust Aitchison distance metric in QIIME2 
using the DEICODE package. Differences in beta 
diversity were determined using a permutational 
multivariate analysis of variance through the ‘ado-
nis’ package in R (version 4.1.2). To determine 
which bacteria were differentially abundant by 
diet and donor group, we ran DESeq2 in 
R which utilizes an empirical Bayesian approach 
to shrink dispersion and fit non-rarified data into 
negative binomial model.57 P-values of differential 
abundance testing were converted to q-values to 
correct for multiple hypothesis testing using the 
Benjamini–Hochberg correction.54 A threshold of 
q < 0.05 was used for significance. We used a simi-
lar approach to determine which bacteria were 

associated with hepatic triglyceride content adjust-
ing for diet and donor groups. To evaluate the 
association between bacterial genera, GIP levels, 
and metabolites, a generalized linear model was 
used in R adjusting for diet and donor groups. For 
metabolite data, data were transformed using 
a median-scale normalization method similar to 
the above human data. Overall differences were 
assessed using principal component analysis. 
Comparison of metabolites that were indepen-
dently associated with diet or donor group was 
performed using analysis of variance. The associa-
tion of metabolite levels with GIP, bacterial candi-
dates, and triglyceride levels was determined using 
a generalized linear model adjusting for diet and 
donor groups.
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