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Vertical sleeve gastrectomy increases duodenal *»
Lactobacillus spp. richness associated with the
activation of intestinal HIF24 signaling and
metabolic benefits
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ABSTRACT

Objective: Vertical Sleeve Gastrectomy (VSG) is one of the most efficacious treatments for obesity and its comorbidities. Although a range of
evidence suggests that alterations of the microbiota in the distal gut following VSG are pivotal to these metabolic improvements, the effect of
surgery to alter the microbiota of the proximal intestine and its effect on host physiology remain largely unknown. As the main bacteria in the
upper small intestine, Lactobacillus subspecies have been appreciated as important regulators of gut function. These bacteria also regulate
intestinal Hypoxia- Inducible Factor 2o (HIF2¢) signaling that plays an integral role in gut physiology and iron absorption. In the present study, we
sought to determine the impact of VSG on Lactobacillus spp. in the small intestine and potential downstream impacts of Lactobacillus spp. on
HIF2a., specifically in the duodenum.

Methods: To determine the effects of VSG on the microbiota and HIF2a signaling in the duodenum, VSG surgeries were performed on diet-
induced obese mice. To further probe the relationship between Lactobacillus spp. and HIF2a. signaling in the duodenum, we applied a
customized high-fat but iron-deficient diet on mice to increase duodenal HIF2a signaling and determined alterations of gut bacteria. To explore
the causal role of Lactobacillus spp. in duodenal HIF2¢ signaling activation, we chronically administered probiotics containing Lactobacillus spp.
to high-fat-fed obese mice. Lastly, we studied the effect of lactate, the major metabolite of Lactobacilli, on HIF2c. in ex vivo duodenal organoids.
Results: There were pronounced increases in the abundance of Lactobacillus spp. in samples isolated from duodenal epithelium in VSG-
operated mice as compared to sham-operated mice. This was accompanied by an increase in the expression of genes that are targets of
HIF2a. in the duodenum of VSG-treated mice. Activating HIF2a signaling with a high-fat but iron-deficient diet resulted in weight loss, im-
provements in glucose regulation, and increased Lactobacillus spp. richness in the duodenum as compared to mice on an iron-replete diet.
Chronic administration of probiotics containing Lactobacillus spp. not only increased HIF2¢ signaling in the duodenum such as occurs after VSG
but also resulted in reduced weight gain and improved glucose tolerance in high-fat-fed mice. Furthermore, lactate was able to activate HIF2¢ in
ex vivo duodenal organoids.

Conclusions: These results support a model whereby VSG increases duodenal Lactobacillus richness and potentially stimulates intestinal HIF2o

signaling via increased lactate production.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION alter the anatomy of the intestinal tract, intestinal handling of nutrients

and gut hormone secretion is significantly altered after VSG [3—5].

Vertical sleeve gastrectomy (VSG) is currently one of the most effica-
cious treatments for individuals with obesity [1,2]. This bariatric pro-
cedure involves excising ~80% of the stomach along the greater
curvature without rerouting the flow of chyme through the intestine as
occurs in bypass procedures. While this surgical approach does not

Although incompletely elucidated, many of these physiological
changes have been proposed to contribute to the sustained metabolic
improvements experienced by patients following VSG [4,5]. Conse-
quently, revealing the effects that VSG has on intestinal function and
communication with other organs is a key research goal that has
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implications for both understanding the role of the gut in metabolic
regulation and potential therapeutic strategies that would mimic the
potential beneficial effects of these surgeries but with less invasive
approaches that do not require permanent alterations in anatomy.
The profound alterations in gut physiology that take place after VSG
include changes to microbial communities that inhabit the gastroin-
testinal tract. These microbial communities have been hypothesized to
play an important role in regulating a wide range of processes in the
host including body weight, body fat, and glucose regulation [6—8].
This range extends to the effects of surgical procedures such as VSG.
Both human and rodent studies have documented several alterations of
the relative abundance of specific bacteria following VSG [9—17]. For
example, VSG has been shown to partially restore the disrupted
composition of gut microbiota caused by high-fat diet (HFD) feeding
and the resulting weight gain [14,15]. While still controversial, some
data even point to a causal role for these changes in the gut microbiota
to mediate some aspects of surgical interventions. For instance, a brief
perioperative exposure to antibiotics abrogates the capacity of VSG to
cause weight loss [11], while the transfer of post-gastric bypass gut
microbiota to germ-free mice has induced the loss of both body weight
and fat [18].

The majority of such studies have focused on bacteria collected from
the feces that inhabit the large bowel and cecum because in the large
bowel and cecum the largest and most easily available populations of
bacteria are located. However, most work that examines the impact of
the gut on systemic physiology focuses on the myriad processes and
signals generated in the small intestine where most nutrient and
caloric absorption occurs. Consequently, it is reasonable to hypothe-
size that even though the abundance of bacteria is lower in the small
intestine, the impact of the microbiome on physiology may be more
relevant to the small intestine.

Though the upper small intestine has emerged as a critical location for
metabolic regulation [19], the main bacteria that reside there (i.e.,
Lactobacillus subspecies), are also being increasingly more appreci-
ated as important regulators of metabolic homeostasis [20—23].
Lactobacilli, the gram-positive bacteria, are aerotolerant anaerobes
and are generally thought to be “healthy” bacteria found in a variety of
foods such as yogurt. Probiotics containing various strains of Lacto-
bacillus are used to treat a wide number of gut disorders and can
protect the host from some pathogens [24]. Lactobacilli are generally
homofermentative with the end product being lactate/lactic acid.
Consistent with being a healthy bacterium, Lactobacillus abundance is
significantly reduced by high-fat feeding, while transferring the upper
small intestinal microbiota from low-fat fed rats directly into the du-
odenum of high-fat-fed rats can restore its richness and promote
metabolic improvements, suggesting a metabolically beneficial role of
duodenal Lactobacillus [22]. Accumulating evidence points toward
important antidiabetic effects of metformin being mediated in the
lumen of the gut and that metformin is also associated with an in-
crease in Lactobacillus [21]. The above results corroborate recent
evidence that Lactobacillus-containing probiotics reduce obesity in
both humans and rodents [25,26]. Most relevant to the current study,
data gathered from several VSG studies in rodents also indicate a
substantial rise of Lactobacillus richness in the feces or cecal contents
following VSG [12,13,16,17]. Hence, dietary, pharmacological, and
surgical treatments for metabolic disease all may result in increased
Lactobacillus spp.

A number of hypotheses have been proposed to understand how gut
bacteria impact the metabolic regulation of the host [8]. One possibility
is that gut microbes interact with intestinal pathways that exert in-
fluence on the host’s overall physiology. An interesting aspect of this

hypothesis is that while the bulk of the bacteria in the gut reside in the
colon, the bacteria most relevant might be in the small intestine. One
potential target for small intestine bacteria could be hypoxia-inducible
factor 2o (HIF2). HIF2o. regulates several crucial elements for iron
absorption primarily in the duodenum [27,28]. We have found that both
VSG and gastric bypass result in a profound and consistent increase in
HIF2o signaling in the duodenum [29]. Further, HIF2a. is a target for
the gut microbiome where Lactobacillus species can directly stimulate
HIF2¢. in the intestinal epithelium cells [30—32].

Using a mouse model of VSG, we found that VSG led to metabolic
improvements, associated with the increased richness of Lactobacillus
spp. and activated HIF2a signaling, specifically in the duodenum.
Meanwhile, diet-induced duodenal HIF2a activation was also related to
metabolic improvements and increased Lactobacillus spp. richness in
the duodenum in HFD-fed obese mice. Chronic administration of
probiotics that contain Lactobacillus spp. resulted not only in reduced
weight gain and improved glucose tolerance in HFD-fed mice but also
upregulated HIF2a signaling in the duodenum. Further, lactate, the
major metabolite of Lactobacilli, activated HIF in duodenal enteroids
collected from HIF-luciferase reporter mice. Overall, these data indi-
cate that VSG increases the richness of Lactobacillus spp. in the du-
odenum and this is associated with increased intestinal HIF2¢
signaling, resulting in multiple metabolic benefits.

2. MATERIALS AND METHODS

2.1. Animal study

To determine the effects of VSG on the gut microbiota and intestinal HIF
signaling, thirty 6-week-old male ‘C57 black 6’ (C57BL6/J) mice were
utilized. Prior to surgery, all mice were fed a 45% HFD (#115244,
custom 45% FDC AIN-93G, Dyets Inc., Bethlehem, PA, USA) for 12
weeks. Post that, the diet-induced obese mice were randomized to
undergo either VSG (n = 20) or sham surgery (SHAM, n = 10) based
on their weight. All the mice were maintained on the same diet for 4
weeks after surgery until euthanasia. An intraperitoneal glucose
tolerance test was performed 4 weeks post-surgery. One mouse in the
VSG group failed to recover from the surgery and was excluded for any
given analysis.

To determine the link between diet-induced duodenal HIF2a activation
and the changes to the gut microbiota in the context of metabolic
improvements, thirty 6-week-old male C57BL6/J mice were ran-
domized based on their weight to be fed either regular-iron 45% HFD
(#115244, custom 45% FDC AIN-93G 35ppm iron, Dyets Inc., Beth-
lehem, PA, USA) as control regular-iron group (n = 15) or iron-deficient
45% HFD (#115243, custom 45% FDC AIN-93G 3—5ppm iron, Dyets
Inc., Bethlehem, PA, USA) as an iron-deficient group (n = 15). The
quantity of each element except iron in these two types of 45% HFD
was identical. All mice were kept on the HFD for 16 weeks until
euthanasia and an intraperitoneal glucose tolerance test was per-
formed after 16 weeks of high-fat feeding. One mouse in the regular-
iron diet group died during high-fat feeding and hence was excluded
for any given analysis.

To determine the effects of VSL#3 probiotics (consisting of eight live
and lyophilized strains including Lactobacillus acidophilus, Lactoba-
cillus paracasei, Lactobacillus plantarum, Lactobacillus delbrueckii
subsp. bulgaricus, Bifidobacterium longum, Bifidobacterium breve,
Bifidobacterium infantis, and Streptococcus thermophilus, Sigma-Tau
Healthscience, Inc., Gaithersburg, MD, USA) on diet-induced obesity
and duodenal HIF signaling, fourteen 6-week-old male C57BL6/J mice
were initially fed 45% HFD (#115244, custom 45% FDC AIN-93G,
Dyets Inc., Bethlehem, PA) for six weeks. Thereafter, the diet-
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induced obese mice were randomized based on their weight to receive
daily gavage of either VSL#3 (20¥10/9 CFU/0.2 ml, n = 7) or vehicle
(0.2 ml, n = 7) for 8 weeks until euthanasia. All mice were fed the
same diet till the end and an intraperitoneal glucose tolerance test was
performed after eight weeks of treatment. One mouse in the VSL#3
group died from gavage accidently and was excluded for any given
analysis.

The mice were individually housed under a controlled temperature of
22 °C and light/dark cycle of 12 h, with ad libitum access to both diet
and water. Body mass and food intake were monitored every week.
Body fat and lean mass composition were measured using nuclear
magnetic resonance (NMR, Echo Medical Systems LLC., Houston, TX,
USA). All animal studies complied with all the relevant ethical guide-
lines for animal research and were approved by and conducted ac-
cording to the guidelines of the Institutional Animal Care and Use
Committee at the University of Michigan.

2.2. Surgical procedure

In the VSG/sham studies, all mice were provided with a liquid diet
(Osmolite 1.0 Cal, Abbott Nutrition, Lake Forest, IL) the night before
surgery. VSG and sham procedures were performed as previously
described [12]. Briefly, after being anesthetized with isoflurane, the
mice received a midline incision in the ventral abdominal wall and their
stomachs weres then exposed. For VSG, the lateral 80% of the
stomach was transected along the greater curvature using an Endo-
path ETS-FLEX 35 mm Stapler (Ethicon endo-surgery, LLC, Cincinnati,
OH), leaving a sleeve-shaped gastric remnant in the cavity. For sham
surgery, gentle pressure was applied across the fundal and pylorus
region with nontoothed blunt forceps. The abdominal wall was finally
closed in layers using continuous absorbable 5-0 Vicryl Rapide su-
tures. Postoperatively, mice consumed Osmolite liquid diet for 4 days.
All mice also received 1 ml warm saline subcutaneously for fluid
replacement on the first postoperative day and subcutaneous in-
jections of meloxicam (0.5 mg/kg) for pain relief once a day for 3
consecutive days following surgery. HFD was resumed on day 4, and
all mice were maintained on it thereafter. Body weight and food intake
following surgery were measured daily for the first week and then
weekly.

2.3. Glucose tolerance test

During glucose tolerance tests, all mice were fasted for 4 h prior to
intraperitoneal injections of dextrose (2 g/kg BW). Tail vein blood
glucose levels were measured using Accu Chek Glucometer (Roche
Diagnostics, Indianapolis, IN) at 0, 15, 30, 45, 60, 90, and 120 min
post glucose administration. Area under the curve over 120 min was
calculated.

2.4. Tissue collection

All mice were sacrificed after 4—6 h of fasting. Duodenum, terminal
ileum, and cecum all were flushed with saline to retrieve the luminal
chyme samples. Thereafter, the duodenum and terminal ileum were
opened longitudinally, and mucosal samples were scraped off using
slides. All intestinal chyme samples and mucosal samples were then
snap-frozen in liquid nitrogen and stored in the —80 °C freezer for
further analysis.

2.5. qRT-PCR gene expression

Mucosal samples of duodenum and ileum were homogenized using
Trizol reagent (#15596018, Thermo Fisher Scientific, Inc, Waltham,
MA). RNA was then extracted using PureLink™ RNA mini kit
(#12183025, Thermo Fisher Scientific, Inc, Waltham, MA) and cDNA
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was isolated using iScript cDNA synthesis kit (#1708890, BioRad,
Hercules, CA). The real-time quantitative PCR was conducted using a
CFX-96 Real-Time System (BioRad, Hercules, CA) with SsoAdvanced™
Universal Probes Supermix (#1725284, BioRad, Hercules, CA) and
TagMan Gene Expression Assays (#4331182, Thermo Fisher Scientific,
Inc, Waltham, MA). Expression levels of target genes were normalized
to the RPL32 gene and Eukaryotic elongation factor 2 (Eef2) gene. IDs
of all TagMan Gene Expression Assays are as follows: Eef2,
MmO01171435_gH; Rp/32, Mm02528467_g1; Dmti1, MmO004353
63_m1; Dcytb, Mm01335930_m1; Neu3, Mm00479379_m1; Hif2a,
MmO01236112_m1; Pgk1, Mm00435617_m1; Hifla, MmO004688
69_m1.

2.6. Analysis of the gut microbiota through 16S rRNA gene
sequencing

The adherent microbiota community of luminal chyme samples and
mucosal samples was analyzed through 16S rRNA gene sequencing in
the Microbial Systems Molecular Biology Laboratories at the University
of Michigan. DNA was isolated from intestinal chyme samples and
mucosal samples with Qiagen MagAttract PowerMicrobiome kit
(#27500-4-EP, MO BIO Laboratories, Inc., Carlsbad, CA) using an
Eppendorf EpMotion liquid handling system. The V4 region of the 16S
rRNA-encoding gene was then amplified from the extracted DNA using
the barcoded dual-index primers developed by Kozich et al. [33].
Subsequently, amplicons were sequenced on the lllumina MiSeq
platform (San Diego, CA) and the 16S rRNA gene sequences were
further analyzed using Quantitative Insights into Microbial Ecology [34].
Following alignment to the Greengenes database, sequences were
assigned to operational taxonomic units (OTUs) based on 97%
sequence similarity, and those with abundance <0.001% of the total
number of sequences were excluded [35]. Overall richness of the gut
microbiota was estimated using the Chao1 index of alpha diversity
which calculates the total number of different OTUs present in an in-
testinal sample [36]. Furthermore, overall diversity was estimated
using the Shannon index which evaluates the abundance and richness
of OTUs into a single value of evenness [37]. Taxonomic classifications
of 0TUs were annotated from phylum level to genus level. The overall
composition of the gut microbiota was shown using weighted UniFrac
distances between samples and further visualized using principal
coordinates analysis (PCoA) [38]. Linear discriminant analysis (LDA)
effect size (LEfSe) with default parameters was used to identify
differentially enriched bacteria taxa in different groups [39].

2.7. Ex vivo enteroid culture and luciferase assay

The establishment of enteroid from mice was described previously
[40]. Briefly, the duodenum was isolated from HIF-luciferase reporter
mice (FVB.129S6 Gt(ROSA)26Sor ™2 HIFIAIUOKael) 141] and flushed
with cold PBS (10,010—049, Gibco, Thermo Fisher Scientific, Wal-
tham, MA). Thereafter, the duodenum was opened and divided into 3—
4 cm sections. Sections were placed in cold high glucose Dulbecco’s
Modified Eagle Medium (DMEM) and rocked to remove excess fecal
matter. Each section was then placed in Gentle Cell Dissociation Re-
agent (#07174, STEM CELL Technology, Cambridge, MA) and rocked
at 4 °C for 15 min. The luminal side was gently scraped to remove villi
and then placed into a fresh Cell Dissociation Reagent and rocked at
4 °C for an additional 35 min. The sections were transferred to ice-cold
PBS and shaken for 2 min to remove crypts and further filtered through
a 70-um cell strainer. The crypts were resuspended into Reduced
Growth Factor Matrigel (#354230, Corning, NY) and cultured in
IntestiCult™ Organoid Growth Medium (#06005, STEM CELL Tech-
nology, Cambridge, MA). Media were changed every other day. Assays
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were conducted at the indicated time point after lactate (L-Lactate,
#L7022, Sigma—Aldrich, St Louis, MO) or other compound treatment
such as dimethyloxalylglycine (DMOG, Caymen Chemicals, Ml) and
deferoxamine (DFO, Sigma—Aldrich, St Louis, MO). Luciferase activity
of cell extracts was conducted with the Dual-Luciferase Assay System
(Promega Corporation, Madison, WI) according to the manufacturer’s
instructions and measured with SpectraMax M5 (Molecular Devices,
San Jose, CA).

2.8. Statistics

All data were presented in terms of means + S.E.M. Significant dif-
ferences between two groups in body weight, cumulative food intake,
blood glucose levels over time during glucose tolerance tests in all
three mouse studies as well as significant differences in fat and lean
mass over time between VSG and SHAM mice were assessed using
two-way analysis of variance (ANOVA) with post-hoc Sidak test for
multiple comparisons [42]. Otherwise, simple comparisons between
two groups were evaluated with a Student’s t-test except for that
paired t-test and Kruskal—Wallis nonparametric test with post-hoc
Dunn’ multiple comparisons tests were used for related statistical
analyses in Supplementary Figs. 5 and 9, respectively. All statistical
analyses were performed using GraphPad Prism version 8.0 software
(La Jolla, CA). Data were considered statistically significant when
P < 0.05 (2-sided significance testing).

3. RESULTS

3.1. VSG results in metabolic improvements, associated with
increased Lactobacillus spp. richness and activated HIF2 signaling
specifically in the duodenum

The 45% HFD-induced obese mice were randomized to groups un-
dergoing either VSG or sham surgery (Figure 1A). VSG mice displayed
significant reductions in body weight and cumulative food intake
compared to sham-operated mice (Figure 1B—C). VSG mice also
resulted in lower fat mass without a loss of lean mass as compared to
SHAM mice (Figure 1D). Although fasting blood glucose levels did not
differ between both groups, glucose levels from 45 to 120 min during
the intraperitoneal glucose tolerance test (I.P. GTT) were substantially
lower in the VSG group than in the SHAM group, leading to a significant
reduction in the area under the curve (AUC) of VSG-treated mice
relative to sham-operated controls (Figure 1E).

To characterize the gut microbiota changes at 4 weeks following VSG
surgery, samples were collected from both luminal chyme and
mucosal scrapes of the duodenum and ileum, as well as from cecum
chyme for the analysis of adherent bacterial communities. The
microbiome in these samples was further analyzed using 16s-rRNA
sequencing. Whereas richness and diversity of the microbiota in the
duodenum or ileum were lower than that in the cecum, as estimated by
Chao 1 and Shannon indexes, respectively, neither Chao1 nor Shannon
indexes showed differences between VSG and SHAM within each gut
segment (Supplementary Figs. 1A—B). The overall composition of the
gut microbiota was evaluated using weighted UniFrac PCoA. The PCoA
results did not reveal markedly differential clustering of samples be-
tween VSG and SHAM within each gut segment (Supplementary
Fig. 1C), suggesting no alterations in the overall composition of
microbiota from proximal to distal gut following VSG.

The bacterial taxa with relative abundance varying significantly be-
tween VSG-treated and sham-operated mice within each gut segment
were identified using linear discriminant analysis (LDA) effect size
(LEfSe). In the duodenal chyme samples, VSG microbiota was enriched
for lactic acid-carrying bacteria such as Lactobacillus genus and

Bifidobacterium genus as well as other bacteria such as Akkermansia
genus of Verrucomicrobia phylum and Bacteroidales order, while
SHAM mice were enriched for some microbes under Proteobacteria
phylum and Actinomycetales order. However, in the duodenal epithelial
scrape samples, VSG microbiota was enriched for only Bifidobacterium
and Lactobacillus, with the latter having a high LDA score of 4, while no
bacteria were identified as abundant in the duodenal mucosal sample
of the SHAM group (Figure 1F). In the ileum, although Lactobacillus
was also found considerably increased in abundance in the luminal
chyme samples taken from VSG mice relative to SHAM mice, its
relative richness did not differ between the two groups in the mucosal
samples. On the other hand, the Clostridiaceae family was detected as
increased in abundance in both ileum chyme and mucosal samples
collected from SHAM mice. Similar to what LEfSe revealed in the ileum
chyme samples, VSG and SHAM microbiota were enriched for Lacto-
bacillus and Clostridiaceae in the cecum chyme samples, respectively
(Supplementary Fig. 2).

We next determined the relative expressions of Hif2a and its target
genes in the intestine of VSG-treated and sham-operated mice. As we
have observed previously [29], mRNA expressions of Hif2« and its
target genes Dmt1, Dcytb and Neu3 were all significantly increased in
the duodenum of VSG mice as compared to SHAM mice (Figure 2A),
suggesting activation of HIF2¢, signaling in the duodenum following
VSG. As the HIFa family consists of HIF2a. and HIF1a, we also
measured the relative expressions of Hifla and its target gene Pgk1.
We found no changes in Hifla or Pgk1 expressions in the duodenum
between VSG and SHAM groups (Supplementary Fig. 3). On the con-
trary, no changes were noted in the mRNA levels of Hif2a and its target
genes in the ileum of VSG-treated relative to sham-operated animals
(Figure 2B), suggesting no activation of HIF2a signaling in the ileum
following VSG. Collectively, these data demonstrate that VSG leads to
metabolic improvements in HFD-induced obese mice, associated with
increased Lactobacillus spp. richness as well as activated HIF2o
signaling specifically in the duodenum.

3.2. Diet-induced duodenal HIF2¢. activation is associated with
metabolic improvements and increased Lactobacillus spp. richness
in the duodenum

Given the potential association of HIF2¢, signaling and Lactobacillus in
the duodenum following VSG, we sought to further probe the rela-
tionship between duodenal HIF2a. and Lactobacillus in the context of
metabolic improvements. HIF2o signaling in the duodenum is best-
known for its stimulatory effect on iron transport and iron-deficient
feeding has been proven to be a definitive way to stimulate
duodenal HIF2¢ signaling [27,28]. Iron deficiency is a common
outcome following bariatric surgery, including VSG [43]. Therefore, we
provided a customized HFD that was also deficient in iron to C57BL/6 J
mice with an attempt to mimic the effect of VSG to potentiate duodenal
HIF2o signaling and measure multiple metabolic parameters such as
body weight and glucose tolerance as well as intestinal microbial
alterations.

Male adult mice were randomized to be fed either a regular-iron
(35 ppm) 45% HFD or a customized iron-deficient (3—5ppm) 45%
HFD (Figure 3A). The quantity of each diet element except iron in these
two types of 45% HFD was identical. Following 16 weeks of diet
feeding, mice on an iron-deficient diet displayed less weight gain,
resulting in significantly lower body weight compared to the control
group (Figure 3B). Similarly, cumulative food intake was also lower in
the iron-deficient group (Figure 3C). Body composition analysis indi-
cated considerably lower fat mass in mice fed the iron-deficient diet.
To a much lesser extent, mice in the iron-deficient group displayed
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Figure 1: VSG results in metabolic improvements in diet-induced obese mice and increases Lactobacillus richness in the duodenum. A. Experimental design and
timeline (VSG n = 19, SHAM n = 10). B. Bodyweight. C. Cumulative food intake after surgery. D. Fat mass and lean mass measured using nuclear magnetic resonance (NMR). E.
Intraperitoneal glucose tolerance test (I.P. GTT, 2 g/kg) and Area Under the Curve (AUC). Data are presented as means + S.E.M. Two-way ANOVA with post-hoc Sidak test for
multiple comparisons (Panel B—D and Panel E—I.P. GTT curve) and Student’s t-test (Panel E-AUC) were used for significance assessments. ***P < 0.001, **P < 0.01,
*P < 0.05. F. Linear discriminant analysis (LDA) effect size (LEfSe) generated phylogenetic tree and LDA score of enriched bacterial taxa in the duodenum chyme samples (left) and
mucosal samples (right) collected from mice that underwent VSG and sham surgery. Significantly enriched bacterial taxa (LDA score >2 of LEfSe) were labeled with indicated

colors. Abbr. SHAM, sham surgery; VSG, vertical sleeve gastrectomy.

lower lean mass as compared to the control mice (Figure 3D). Although
fasting blood glucose levels were comparable between the groups, the
iron-deficient group exhibited enhanced glucose tolerance as shown
by lower blood glucose levels from 60 to 120 min during the I.P. GTT,
resulting in a significant decline in AUC relative to the regular-iron
group (Figure 3E). Together, iron-deficient feeding mice displayed
marked resistance to HFD-induced weight gain and improved glucose
tolerance.

To confirm the activation of intestinal HIF2¢. signaling following iron-
deficient feeding, we measured mRNA expressions of Hif2c and its
target genes in the duodenum and ileum. In the duodenum, Hif2« and

target genes Dmt1, Dcytb, and Neu3 were all upregulated in the
deficient-iron group as compared to the regular-iron group (Figure 3F),
suggesting activation of HIF2a. signaling in the duodenum following
iron-deficient feeding. However, in the ileum, no alterations were
observed in HIF2a. target genes expressions between both dietary
groups (Supplementary Fig. 4), suggesting selective activation of
HIF2a. signaling in the duodenum by iron-deficient feeding. Because of
these differential responses of HIF2¢. signaling to iron-deficient feeding
in the duodenum and ileum, we further compared the mRNA levels of
Hif2c and its target genes between the two gut segments within each
group, respectively. Both groups of mice displayed pronounced higher
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expressions of Hif2a: and its target genes in the duodenum than ileum
(Supplementary Fig. 5), suggesting greater relevance of HIF2a
signaling for the duodenum [29].

We next examined alterations to the microbiome throughout the in-
testine. Both luminal and mucosal adherent bacterial communities
from chyme and mucosal samples of the duodenum and ileum as well
as cecum chyme samples were collected from these mice. Differen-
tially abundant microbes in the intestinal samples between both
groups of mice were identified using LEfSe of the 16s-rRNA
sequencing profiles. Lactobacillus was identified as enriched in the
duodenal mucosa as well as cecum chyme samples in mice fed the
iron-deficient diet (Figure 3G, Supplementary Fig. 6). In addition, we
also compared the overall richness, diversity, and composition of the
gut microbiota. Few discriminative features were detected between
both groups except for the cecum chyme samples where iron-deficient
feeding resulted in lower estimated overall richness and diversity as
well as the distinct overall composition of the gut microbiota from
regular-iron feeding mice (Supplementary Fig. 7). Collectively, these
data demonstrate that diet-induced duodenal HIF2¢ activation through
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dietary iron deficiency can result in metabolic improvements in HFD-
induced obese mice, which is associated with increased Lactoba-
cillus spp. richness in the duodenum. The combined data suggest a
strong association of duodenal HIF2¢ activation with Lactobacillus spp.
enrichment in the duodenum in the context of metabolic
improvements.

3.3. Administration of probiotics containing Lactobacillus spp.
results in metabolic improvements and activates HIF2a signaling in
the duodenum

Given that we consistently observed metabolic improvements associ-
ated with increased Lactobacillus richness and activated HIF2o
signaling, specifically in the duodenum, we hypothesized a causal role
for Lactobacillus to increase duodenal HIF2¢: signaling. To achieve this
goal, we treated 45% HFD-induced obese mice with probiotics (VSL#3)
containing among others various species of Lactobacillus spp. HFD-
induced obese mice were randomized to receive daily gavage of
either VSL#3 or vehicle (Figure 4A). After 8 weeks of treatment, mice
receiving administration of VSL#3 had decreased body weight and
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Figure 4: Metabolic improvements and activation of HIF2a signaling in the duodenum following administration of probiotics that contain Lactobacillus spp. and HIF
luciferase responses to lactate treatment in the organoids from HIF-reporter mice. A. Experimental design and timeline of VSL#3 study (VSL#3 n = 6, Vehicle n = 7). B.
Body weight. C. Cumulative food intake. D. Intraperitoneal glucose tolerance test (I.P. GTT, 2 g/kg) and Area Under the Curve (AUC). E. Relative expressions of Hif2« and its target
genes in the duodenum of VSL#3- vs. vehicle-treated mice. F. Experimental design of the ex-vivo study. G. Luciferase activity of duodenal enteroids collected from HIF-reporter
mice in response to lactate treatment (10ug/ml) vs. vehicle for indicated periods (lactate: n = 8 cell extracts for 1 and 4 h of treatment, n = 16 cell extracts for 16 h of treatment;
vehicle: n = 7—8 cell extracts for each period of treatment). Data are presented as means + S.E.M. Two-way ANOVA with post hoc Sidak test for multiple comparisons (Panel B, C,
and Panel D—L.P. GTT curve) and Student’s t-test (Panel D-AUC, Panel E and Panel G) were used for significance assessments. ***P < 0.001, **P < 0.01, *P < 0.05.
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cumulative food intake compared to vehicle-treated mice
(Figure 4B,C). During the I.P. GTT, VSL#3-treated mice exhibited better
glucose tolerance relative to vehicle-treated mice, as reflected by
improved glucose clearance and reduced AUC (Figure 4D). For the
regulation of HIF2a. transcription in the duodenum, mRNA levels of
Hif2a. and its target genes were measured. VSL#3-treated mice dis-
played elevated expressions of HIF2¢. target genes such as Dmt7 and
Deytb (Figure 3E), with no change in HIF1o target gene Pgk7 but
substantial downregulation of Hiffa (Supplementary Fig. 8), sug-
gesting activation of HIF2¢. signaling by VSL#3 in the duodenum.
Taken together, administration of probiotics containing Lactobacillus
spp. results in metabolic improvements and activates HIF2a signaling
in the duodenum.

3.4. Lactate can directly activate HIF signaling in the intestinal cells
To further evaluate the possible role of Lactobacillus spp. to increase
duodenal HIF2¢, signaling, we tested if lactate, a major metabolic
product of Lactobacillus, stimulates HIF2a. signaling. Therefore, we
examined the ability of lactate to stimulate luciferase expression in
duodenal enteroids originating from HIF reporter mice [41] (Figure 3F).
Initially, HIF luciferase activity was quantified following 18-hour
treatment with lactate at different concentrations. Deferoxamine
(DFO), dimethyloxalylglycine (DMOG), and hydrogen peroxide (H20-)
were used as positive controls. Lactate induced HIF reporter luciferase
activity as potently as the positive controls (Supplementary Fig. 9). In
view of this, HIF luciferase activity of duodenal enteroids was subse-
quently quantified following 1, 4, and 16 h of 10 ug/ml lactate treat-
ment. As compared to vehicle, 4- and 16-hour lactate treatment were
sufficient to elicit a respective 3.04 & 0.55 and 3.51 + 0.60 -fold rise
in HIF luciferase activity (Figure 4G). Altogether, these data indicate
that lactate can stimulate HIF signaling in intestinal cells, and
increased Lactobacillus-derived lactate possibly plays a causal role in
intestinal HIF activation.

4. DISCUSSION

A range of data point toward the gut microbiota as an important
contributor to the potent metabolic improvements caused by VSG [9—
15]. However, most studies concentrate on cecal or fecal microbiota.
Such a focus ignores the potential contribution of bacteria residing in
the proximal small intestine where many of the key events that define
the Gl tracts’ impact on metabolism occur [19,21,22]. Towards this
end, we characterized the duodenal microbiota in VSG-treated mice as
compared to sham-operated control mice by sampling both luminal
and mucosal adherent bacterial communities. Consistent with the
extant literature [1,12], VSG resulted in metabolic improvements,
accompanied by a significantly higher abundance of Lactobacilli in
both luminal and mucosal-associated microbial communities in the
duodenum. As reflected by a high LDA score of 4, Lactobacillus was
identified as the main feature differentiating duodenal microbiota be-
tween VSG and SHAM groups (Figure 1). Interestingly, several rodent
studies have revealed that at the level of the proximal small intestine,
HFD feeding exerts a pronounced dysbiosis, specifically characterized
by a considerable decline in the abundance of Lactobacillus [21,22]. In
parallel, transplantation of proximal small intestinal microbiota from
low-fat diet-fed rats into the duodena of HFD-fed rats has been shown
to partially restore the normal abundance of Lactobacillus and reduce
metabolic disruptions induced by HFD feeding [22]. Given the marked
increase in the abundance of Lactobacillus in the duodenum following
VSG, it is, therefore, possible that this enriched microbe contributes to
the metabolic improvements imparted by VSG.

The role that the gut microbiome plays in host metabolism remains
controversial partly because the mechanisms by which the microbiome
can influence the host remain undefined. Herein, we hypothesize that
bacterial species in the small intestine influence key signaling path-
ways in the intestine. HIF signaling plays an integral role in the
maintenance of gut physiology and barrier integrity [27]. In particular,
HIF2¢o. is a critical component of regulating iron absorption in the
proximal small intestine [28]. Interestingly, we have recently found that
HIF2¢. and its target genes are upregulated in the duodenum following
both VSG and gastric bypass in rodents, and activation of intestinal
HIF2¢, signaling via gut-specific knockdown of VHL results in a lean
and glucose tolerant phenotype when exposed to an HFD [29]. Using a
mouse model of VSG in the present study, we confirmed that VSG leads
to an enhancement of HIF2¢ signaling in the duodenum that is
accompanied by an enrichment of Lactobacillus spp.

Other studies have shown an increased abundance of Lactobacillus
spp. in the duodenum in connection to low iron diets that increase
duodenal HIF2a activation [44]. To further reveal the link between
HIF2o. and Lactobacillus in the duodenum in the context of metabolic
improvements as VSG induces, we applied a customized high-fat, iron-
deficient diet. The iron-deficient feeding approach has been proven to
significantly stimulate HIF2¢ activities in the duodenum [28]. Consis-
tent with previous observations [28], mice fed on an iron-deficient diet
had upregulated HIF2¢. signaling in the duodenum but not in the ileum.
Importantly, these mice also recapitulated key metabolic features of
VSG mice since they displayed reduced weight gain, lower fat mass,
and improved glucose tolerance when challenged with high-fat
feeding. Moreover, we identified that Lactobacillus was enriched in
the duodenum mucosal samples in iron-deficient fed mice relative to
control mice (Figure 3), as we found following VSG. Taken together,
these data suggest a strong association between HIF2a. activation and
Lactobacillus spp. enrichment in the duodenum in the context of
metabolic improvements to mice maintained on an HFD.

The key question then becomes whether the increase in Lactobacillus
is a driver of the increased HIF2¢ signaling in the duodenum. Chronic
administration of the probiotics VSL#3 in diet-induced obese mice
resulted in reduced weight gain and cumulative food intake as well as
improved glucose tolerance (Figure 4A—E). This is consistent with
recent studies showing that VSL#3 reduces metabolic dysfunction in
diet-induced obese mice [26,45]. Importantly, VSL#3 also resulted in
increased HIF2o. signaling in the duodenum. Consequently, we hy-
pothesized that lactate produced by Lactobacillus could enhance
HIF2o. signaling. To test this hypothesis, we isolated crypts and
established enteroids from the duodena of HIF-reporter luciferase
mice. Treatment with lactate yielded HIF activation determined by
luciferase activity, indicating that lactate can directly stimulate intes-
tinal HIF-related signaling (Figure 4F—G). This is consistent with
previous observations that multiple Lactobacillus spp. and strains such
as acidophilus, rhamnosus GG, and plantarum 299v stimulate HIF2¢.
target genes expressions in intestinal epithelium cells [30—32].

The alterations to the gut microbiota following bariatric surgery are one
clear example of gut adaptation to surgical manipulations on the
gastrointestinal tract [3,4]. Focusing on the microbiota in the upper
small intestine, we found that VSG led to the increased richness of
Lactobacillus in the duodenum where dietary iron absorption primarily
occurs. This was associated with an increase in the duodenal HIF2¢:
signaling which would work to enhance iron absorption from the
lumen. Interestingly, we and others consistently found that iron-
deficient diets similarly resulted in increased Lactobacillus richness
and HIF2a. signaling in the duodenum [28,44], implicating a potential
relationship between increased Lactobacillus and alterations in iron
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levels in the duodenal lumen. VSG results in several changes in the
lumen of the duodenum and future studies are warranted to assess the
most important changes to the increased richness of Lactobacillus.
Taken together, these results support a model whereby VSG increases
duodenal Lactobacillus richness and this, in turn, stimulates intestinal
HIF2a. signaling via increased lactate production. Further, activation of
duodenal HIF2¢. signaling either by diet (as done in the present study)
or by genetic manipulation [29] results in multiple metabolic benefits.
Understanding the molecular underpinnings for the beneficial effects of
bariatric surgery remains an important research goal. These data point
to the complex interplay between diet, gut bacteria, and critical aspects
of gut function and signaling that combine to mediate the potent effects
of bariatric surgery.
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