I

MOLECULAR
METABOLISM

Check for

Intestinal stem cell-derived enteroids from
morbidly obese patients preserve obesity-related
phenotypes: Elevated glucose ahsorption and
gluconeogenesis
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ABSTRACT

Objective: The mechanisms behind the efficacy of bariatric surgery (BS) for treating obesity and type 2 diabetes, particularly with respect to the
influence of the small bowel, remain poorly understood. /n vitro and animal models are suboptimal with respect to their ability to replicate the
human intestinal epithelium under conditions induced by obesity. Human enteroids have the potential to accelerate the development of less
invasive anti-obesity therapeutics if they can recapitulate the pathophysiology of obesity. Our aim was to determine whether adult stem cell-
derived enteroids preserve obesity-characteristic patient-specific abnormalities in carbohydrate absorption and metabolism.

Methods: We established 24 enteroid lines representing 19 lean, overweight, or morbidly obese patients, including post-BS cases. Dietary
glucose absorption and gluconeogenesis in enteroids were measured. The expression of carbohydrate transporters and gluconeogenic enzymes
was assessed and a pharmacological approach was used to dissect the specific contribution of each transporter or enzyme to carbohydrate
absorption and metabolism, respectively.

Results: Four phenotypes representing the relationship between patients’ BMI and intestinal dietary sugar absorption were found, suggesting
that human enteroids retain obese patient phenotype heterogeneity. Intestinal glucose absorption and gluconeogenesis were significantly
elevated in enteroids from a cohort of obese patients. Elevated glucose absorption was associated with increased expression of SGLT1 and
GLUT2, whereas elevated gluconeogenesis was related to increased expression of GLUT5, PEPCK1, and G6Pase.

Conclusions: Obesity phenotypes preserved in human enteroids provide a mechanistic link to aberrant dietary carbohydrate absorption and
metabolism. Enteroids can be used as a preclinical platform to understand the pathophysiology of obesity, study the heterogeneity of obesity

mechanisms, and identify novel therapeutics.
© 2020 The Authors. 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 loss; however, it is often modest and transient, with limited

improvement in glycemic control [2—4].

Obesity is a rapidly growing global health problem that is associated
with many obesity-related comorbidities including insulin resistance,
type 2 diabetes (T2D), cardiovascular diseases, and cancer [1]. The
increasing prevalence of obesity is due to a complex mixture of genetic
factors and energy imbalance. Dieting and exercise can yield weight

Bariatric surgery (BS), which influences intestinal sugar transport and
metabolism [5—7], is the most effective and sustainable approach to
treat obesity and T2D. Serum glucose concentrations decrease prior to
significant weight loss immediately following BS [8,9]. Recent studies
showed that glucose absorption in the proximal intestine is elevated in
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morbid obesity, contributing to hyperglycemia [10]. However, studies
designed to characterize and measure altered glucose absorption in
the small intestine from obese patients compared to healthy lean
subjects are limited.

Glucose is the main energy source of mammalian cells. Glucose
transport is mediated through Na™ -coupled glucose cotransporters
(SGLTs) and facilitative glucose transporters (GLUTS). At low luminal
concentrations (<25 mM), glucose is taken up by enterocytes via SGLT1
expressed at the brush border membrane (BBM) [11,12]. GLUT2 is
expressed at the basolateral membrane (BLM) and transports glucose
and fructose into the blood [13,14]. At higher luminal glucose concen-
trations (>50 mM) such as following a meal, GLUT2 traffics to the BBM
resulting in the uptake of excess luminal glucose [15]. Fructose, another
dietary sugar, enters enterocytes through GLUT5 at the BBM [16]. At
high fructose levels, GLUT2 also localizes to the BBM [17] and con-
tributes to fructose uptake. GLUT1 is expressed at the BLM in enter-
ocytes and has been linked to obesity and diabetes [6,18]; however, its
role in intestinal epithelial glucose transport is not well understood.
The expression of intestinal sugar transporters (SGLT1, GLUT2, and
GLUTS) is significantly increased in animal models of obesity and/or
diabetes [19—21]. Importantly, studies in humans indicate heteroge-
neous expression [22] and cellular distribution of these major sugar
transporters in obesity. GLUT2 was significantly upregulated and
continuously present at the BBM of enterocytes in a majority (~ 72%)
of obese individuals in several studies, while it was absent from the
BBM in lean subjects and a subset of obese individuals [23,24].
Conversely, in another study, GLUT2 was not localized apically in
duodenal biopsies of overweight T2D subjects [20]. Elevated SGLT1
expression in enterocytes from morbidly obese patients positively
correlated with elevated blood glucose; however, the expression of
SGLT1 was variable across the studied cohort [10].

De novo glucose production (gluconeogenesis) by intestinal epithelia
might also contribute to increased serum glucose levels. Gluconeo-
genesis primarily occurs in the liver, so studies focused on charac-
terizing the role of intestinal gluconeogenesis are limited and its role in
obesity is unclear. Under low luminal fructose conditions, the small
intestine metabolizes ~90% of dietary fructose, whereas high doses
result in fructose overflow to the liver [25]. Other studies showed that
intestinal gluconeogenesis is involved in gut—brain axis signaling and
regulation of energy homeostasis [26]. Since portal vein glucose
measurements in humans do not separate dietary glucose absorption
from de novo production, our understanding of how intestinal gluco-
neogenesis contributes to elevated serum glucose levels is incomplete.
Overall, these findings are consistent with the concept that increased
intestinal glucose absorption and possibly intestinal gluconeogenesis
are associated with hyperglycemia in obesity and T2D. Analysis of
human samples implies that the expression and localization of the
main glucose and/or fructose transporters is heterogeneous in morbid
obesity [10,20,22—24]. On this basis, the molecular classification of
inter-individual differences may be a key predictor of the outcome of
BS or calorie-restricted diets. Therefore, mechanistic and molecular
understanding of the changes in intestinal glucose homeostasis in
obesity might be important for generating effective novel therapeutic
options as non-invasive alternatives to BS.

To understand the mechanisms involved in the response of the human
intestinal epithelia to obesity or BS, it is crucial to have relevant ex vivo
models. We utilized novel intestinal stem cell-derived epithelial
enteroid cultures [27—30] to investigate the contribution of intestinal
glucose absorption and gluconeogenesis to the systemic glucose load
in lean subjects and obese patients, including post-BS cases. This is
the first study to address the relationship between BMI and the

expression and function of sugar transporters and gluconeogenic en-
zymes in a primary model of the human intestinal epithelium and
provide evidence that the heterogeneity of obesity-related phenotypes
is retained in human enteroids.

2. METHODS

2.1. Human enteroid cultures

Proximal small intestinal tissue samples from either lean healthy
(BMI < 25 kg/m?), overweight (25 kg/m? < BMI < 35 kg/m?), or
obese (BMI > 35 kg/mz) patients were obtained during routine
endoscopy procedures or from discarded tissue from patients under-
going bariatric surgery (BMI > 35 kg/mz). The BMI classification was
based on the World Health Organization guidelines. Based on current
National Institutes of Health guidelines, the requirements for BS are as
follows: BMI >40 kg/m? or BMI >35 kg/m? in patients with obesity-
related comorbidities. Information about patient characteristics is
provided in Supplementary Table 1. A total of 24 enteroid cultures were
successfully established from proximal small intestinal tissue (duo-
denum or jejunum) obtained from 19 donors. In four of these donors,
enteroid cultures were established from biopsies obtained from both
the duodenum and jejunum. In one of the donors, enteroid cultures
were established from biopsies obtained from different segments of
the jejunum. The protocols were approved by Baylor College of Med-
icine’s institutional review board (IRB) (H-31793 and H-31910) and
Johns Hopkins’ IRB (NA_0038329) and the patients’ informed consent
was obtained. Crypts were isolated from the de-identified tissue
samples and enteroid cultures were established as previously
described [27,28,30,31]. Briefly, cells were resuspended in Matrigel
(Corning) and cultured in a complete medium (CM) with growth factors
(CMGF* medium). The CM media contained Advanced Dulbecco’s
Modified Eagle Medium/Ham’s F-12 (Life Technologies), 100 U of
penicillin/streptomycin (Life Technologies), 10 mM of HEPES (Life
Technologies), and 0.2 mM of GlutaMAX (Life Technologies).
CMFG + medium was CM medium supplemented with 50% v/v of
Wnt3A-conditioned medium, 15% v/v of R-spondin-1-conditioned
medium, 10% v/v of Noggin-conditioned medium, 50 ng/ml of hu-
man epidermal growth factor (EGF) (Life Technologies), 10 nM of
gastrin | (Sigma—Aldrich), 500 nM of A-83-01 (Tocris Bioscience),
10 uM of SB202190 (Sigma—Aldrich), 1 x B27 supplement (Life
Technologies), 1 mM of N-acetylcysteine (Sigma—Aldrich), 10 uM of
CHIR99021 (Tocris Bioscience), and 10 pM of Y-27632 (Tocris
Bioscience). The CHIR99021 and Y-27632 were removed from the
CMGF" media during subsequent media replacements. Conditioned
media was obtained from the following cell lines expressing the growth
factors Wnt3A (CRL-2647 cells, American Tissue Culture Collection),
R-spondin-1 (kindly provided by Dr. Calvin Kuo, Palo Alto, CA, USA),
and Noggin [32]. Enteroids were passaged every 10—14 days for
expansion or monolayer cultures.

2.2. Monolayer plating and differentiation

Enteroid monolayers were prepared as previously described [28].
Briefly, enteroid fragments resuspended in CMGF + media were plated
on Transwell filters (Corning #3470; 0.4 pum pores, polyester mem-
branes, and 0.33 cm? surface area) coated with 10 ug/cm2 of human
collagen IV solution. Confluent monolayers (or 3D cultures) were
differentiated for 5—7 days in differentiation media (CMGF + media
lacking Wnt3A, R-spondin, and SB202190). Transepithelial electrical
resistance (TER) was measured using an EVOM2 voltohmmeter (World
Precision Instruments) to monitor confluency and differentiation of the
monolayers.
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2.3. Glucose transport experiments

Confluent enteroid monolayers were washed with 5 mM of mannose
buffer (50 mM of HEPES pH 7.4, 138 mM of NaCl, 4.7 mM of KCl,
1.25 mM of MgS04, 1.25 mM of CaCly, and 5 mM of mannose) and
incubated at 37 °C in 5% CO, for 30 min (100 pl was added apically to
the filter and 600 pl was added basolaterally to the well). An aliquot
from the basolateral side was obtained (at t = 0), the same mannose
buffer volume was added, and the apical solution was replaced with
25 mM or 70 mM of glucose buffer solution. In glucose buffers, the
mannose was replaced with glucose and the osmolarity was adjusted
by decreasing the NaCl concentration to 128 mM or 105.5 mM. The
glucose concentration was determined using an Amplex Red glucose
assay kit (Thermo Fisher Scientific). Phloridzin (Sigma—Aldrich),
phloretin (Sigma—Aldrich), or STF-31 (Calbiochem) were used as in-
hibitors. Experimental data were normalized to the glucose absorption
value of DF monolayers from enteroid culture #9 of the BMI?*#52GAN9"
group following 2 h of treatment with 25 mM of apical glucose, and
was set at 100%, which allowed a comparison between different
enteroid cultures across various experiments.

2.4. Gluconeogenesis experiments

Confluent enteroid monolayers were washed with 5 mM of mannose
buffer and incubated for 30 min. Apical solution was replaced by 70 mM
of fructose buffer (5 mM of mannose was replaced with 70 mM of
fructose, and the NaCl concentration decreased to 105.5 mM) or 2 mM of
Na pyruvate/20 mM of Na lactate buffer (5 mM of mannose was replaced
with 2 mM of Na pyruvate and 20 mM of Na lactate, and the NaCl con-
centration decreased to 107 mM). Cells were incubated at 37 °C in 5%
CO-, for 3 h and the solutions were collected for glucose measurements.
For 16-h gluconeogenesis experiments, the solutions were modified
based on the Advanced DMEM/Ham'’s F-12 media formulation and
supplemented with growth factors. The enteroid monolayers were
incubated for 30 min in 5 mM of mannose solution (10 mM of HEPES, pH
7.4,126.6 mM of NaCl, 4.15 mM of KCI, 0.407 mM of MgS04, 1.05 mM
of CaClp, 29.02 mM of NaHCO3, 0.3 mM of MgCl,, 0.5 mM of NasHPOQy4,
0.45 mM of NaH,P0O4, 5 mM of mannose, 1 x B27 supplement, 1 mM
of N-acetylcysteine, 50 ng/ml of EGF, 10 nM of gastrin |, and 500 nM of
A-83-01). Apical solution was replaced by 70 mM of fructose solution
(5 mM of mannose was replaced with 70 mM of fructose, and the NaCl
concentration decreased to 94.1 mM). Phloretin (Sigma—Aldrich) or N-
[4-(methylsulfonyl)-2-nitrophenyl]-1,3-benzodioxol-5-amine  (MSNBA)
(Enamine) were used as inhibitors.

2.5. Immunofluorescence

Enteroid monolayers were fixed with 4% paraformaldehyde/PBS for
30 min, washed with PBS, permeabilized, and blocked in PBS con-
taining 15% FBS, 2% BSA, and 0.1% saponin for 45 min. The cells
were immunostained using the following antibodies: GLUT1 (ab15309,
Abcam), SGLT1 (07—1417, Millipore), and occludin (331500, Life
Technologies). The cells were washed with PBS and incubated with
secondary antibodies (Life Technologies). Filters were mounted on
glass slides using FluorSave Reagent (Millipore). Fluorescent confocal
imaging was performed using a 510 LSM (Zeiss) and images were
analyzed using MetaMorph software (Molecular Devices).

2.6. Immunoblot analysis

Cells from either 3D cultures or monolayers were harvested, resus-
pended in lysis buffer, and disrupted by sonication. Protein concen-
trations were determined using a BCA Protein Assay (Thermo Fisher
Scientific). Total cell lysate (25 pg) was mixed with Laemmli loading
buffer containing SDS/B-mercaptoethanol. Proteins were separated

I

MOLECULAR
METABOLISM

using Tris-Glycine gels (Thermo Fisher Scientific) and wet-transferred
to nitrocellulose membranes. The membranes were blocked using 5%
milk/Tris-buffered saline with 0.1% Tween (TBST) and incubated with
primary antibodies diluted in 3% BSA/TBST: GLUT1 (ab15309, Abcam),
PEPCK1 (HPA006507, Sigma—Aldrich), and GAPDH (G8795, Sigma—
Aldrich). The membranes were washed with TBST, incubated with
infrared (IR) dye-conjugated secondary antibodies, and imaged using
an Odyssey IR Imaging Scanner (LI-COR).

SGLT1 blotting was performed using a modified protocol with cell
membrane lysates [33]. Enteroids were resuspended in 25 mM of
HEPES, pH 7.4, 250 mM of sucrose, and 1 mM of EDTA solution with
protease inhibitor tablets (Roche) and disrupted using a syringe with a
25-gauge needle. Total cell membranes were isolated using differ-
ential centrifugation and resuspended in 150 mM of mannitol, 2.5 mM
of EGTA, and 12 mM of Tris/HCI at pH 7.4. Total cell membrane (50 .g)
was mixed with non-reducing Laemmli loading buffer, denatured at
65 °C, and proteins were separated by 4—12% NuPage gels (Thermo
Fisher Scientific) using MOPS buffer. The proteins were wet-
transferred to Immobilon PVYDF membranes (Millipore) and the mem-
branes were blocked in blotting buffer (5% non-fat dry milk, 0.15 M of
NaCl, 1% Triton X-100, and 20 mM of Tris-HCl at pH 7.4). Na/K-
ATPase o.1-subunit (05369, Millipore) and SGLT1 antibody (provided
by Dr. Hermann Koepsell, University of Wiirzburg, Wiirzburg, Germany)
were diluted in blotting buffer and the membranes were incubated.
Washing was performed using blotting buffer, and IR dye-conjugated
secondary antibodies were added. The membranes were washed
with blotting buffer, followed by a wash using 20 mM of Tris - HCI buffer
at pH 7.4 and imaged.

2.7. Real-time polymerase chain reaction

Total RNA was extracted using a PureLink RNA Mini Kit (Ambion) and
complementary DNA (cDNA) was synthesized using SuperScript VILO
MasterMix (Invitrogen). Quantitative PCR was performed on a Quant-
Studio 12K Flex Real-Time PCR System (Applied Biosystems). Primer
sequences were as follows: GLUT2-fwd (TCTCTGCTACTCTTT
TTCTGTCCA), GLUT2-rev (TCATATCCTCTGAGTCTTTTCAAGC), GLUT5-
fwd (TCTCCTTGCAAACGTAGATGG), GLUTS-rev (GAAGAAGGGCAGCA-
GAAGG), glucose-6-phosphatase-fwd (AAGCCGACCTACAGATTTCG),
glucose-6-phosphatase-rev.  (CGTGACAGACAGACATTCAGC), 18S-fwd
(GCAATTATTCCCCATGAACG), and  18S-rev  (GGGACTTAATCA
ACGCAAGC).

2.8. Lucifer yellow paracellular permeability

Differentiated confluent enteroid monolayers were washed with 5 mM
of mannose buffer and incubated for 30 min. The apical solution was
replaced by 5 mM of mannose buffer containing 200 uM of lucifer
yellow (MW = 442.3 g/mol). Cells were incubated at 37 °C in 5% CO,
for 2 h and basolateral solutions were collected for fluorescence
measurements.

2.9. Statistical analyses

Statistical analyses were performed using Prism (GraphPad). Student’s
unpaired t-test was used to analyze for statistical differences with
p < 0.05 considered statistically significant.

3. RESULTS

3.1. Analysis of the relationship between the subjects’ BMI and
glucose absorption in enteroid cultures demonstrated three phenotypes
Duodenal and/or jejunal small intestinal tissue samples were collected
from 19 donors including naturally lean subjects, overweight patients,
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morbidly obese patients, and post-BS lean patients (Supplementary
Table 1 and Supplementary Fig. 1). Enteroid cultures were gener-
ated from 24 tissue samples (from the 19 donors) to study the
mechanistic differences in dietary sugar absorption and metabolism as
a function of BMI. The absorption (defined as transcellular transport of
nutrients from the lumen across the intestinal epithelium to the blood)
of dietary sugars mainly occurs in the proximal small intestine (duo-
denum and jejunum). Enterocytes of small intestinal villi, but not
immature enterocytes in the crypts, are mainly responsible for car-
bohydrate absorption [34]. To measure the absorption of luminal
sugar, confluent enteroid monolayers were grown on Transwell filters,
which allowed access to both apical and basolateral surfaces [28,29]
and modeled as crypt-like or villus-like epithelia using undifferentiated
(UD) or differentiated (DF) enteroid monolayers, respectively
[27,28,31].

DF monolayers derived from the 24 tissue samples were exposed to
25 mM of glucose apically and changes in the glucose concentration were
measured in basolateral media as an indicator of glucose absorption. Four
phenotypes representing the correlation between BMI and glucose ab-
sorption (GA) were found (Figure 1A): BMI®aGA'™  BMIOPeseGAMan
BMI°PEGA™ and BMI®V*™ei9"GAMIN Enteroids from obese patients had
two glucose-absorption phenotypes (GA®" or GA"9". Enteroids from
overweight patients exhibited similar glucose absorption to the BMI°Pe-
seGA"I" group. These data provide evidence for the heterogeneity of
glucose absorption reported in morbidly obese patients [10,20,22—24]
and suggest that elevated intestinal glucose absorption in a subset of
obese patients may potentially contribute to hyperglycemia.

We next confirmed that the difference in glucose absorption between
the BMI®"GA™ and BMI®*®GAM" groups was due to transcellular
transport. The epithelial cell barrier integrity of the DF monolayers was
assessed through transepithelial electrical resistance (TER). The TER
among the BMI®aGAY BMI?P®SeGANIN - BMIPDCSEGAIY  and BMIC-
verwelghtGANIS groups was similar, suggesting that the difference in
glucose absorption was not due to transepithelial leakage of

macromolecules (Supplementary Fig. 2A). To test the permeability of
tight junctions, we exposed DF monolayers apically with lucifer yellow,
a low molecular weight paracellular flux tracer. The fluorescence levels
of lucifer yellow in the basolateral media were similar (Supplementary
Fig. 2B), indicating that differences in glucose absorption between the
BMI®GAY and BMI®®®®GA"I" groups were based on transcellular
transport and not due to glucose leak across tight junctions. Glucose
absorption and epithelial permeability measurements retained similar
trends over the duration of the experiments (~ 15 passages) in the
enteroid lines used in this study.

We next compared the physiological and molecular mechanisms of sugar
absorption and metabolism between the BMI®®" and BMI®™®*¢ phenotypes
in enteroid monolayers. To determine whether successful BS might
reduce glucose absorption to levels in naturally lean conditions, enteroids
from the BMI®"GA®" phenotype were divided into two groups: 1) BS
naive or 2) sustainably lean post-BS and analyzed separately.

3.2. Changes in luminal glucose concentrations differentially
affected glucose absorption in enteroids with BMI®3"GAY
phenotypes compared to BMI®®®*GAMI" phenotypes

We measured glucose absorption in DF and UD jejunal enteroids
exposed apically to 25 mM of glucose (to mimic a low-carbohydrate
meal). Glucose absorption was higher in the DF monolayers than the
phenotype-matched UD monolayers in all of the groups (Figure 1B).
The glucose absorption of the BMI°?®¥GA" phenotype was similar to
the BMI®2"GA™ phenotype. Glucose absorption in enteroids derived
from successful post-BS surgery was similar to that from naturally lean
subjects (Figure 1B). The absorption in the DF monolayers from the
BMI°PeseGAMSM group was significantly higher than the DF monolayers
with low glucose absorption. Glucose absorption values of the DF
monolayers after 2 h of treatment with 25 mM of apical glucose from a
representative experiment were 40.1 + 5.3 pM (BMI®aGA™Y),
30.3 + 5.5 uM (BMI®GA™" (post-BS)), 37.1 & 2.2 uM (BMI°Pese-
GA™), and 260.4 + 31.5 puM (BMIP°®®GA™9").  Strikingly, UD
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Figure 1: Relationship between subjects’ BMI and transepithelial (apical to basolateral) glucose absorption in enteroid monolayers. Glucose absorption in DF monolayers treated
apically with 25 mM of glucose for 120 min (24 enteroid cultures representing 19 subjects). Each data point represents the mean of glucose absorption per donor obtained from at
least three independent experiments. The mean in each phenotype group represents the mean + SEM of glucose absorption from different donor cultures belonging to the same
BMI-GA phenotype. BS naive enteroid cultures in each group are represented as dark color-filled circles, whereas the post-BS enteroid cultures are represented by the light color-
filled circles. (B and C) Glucose absorption in UD and DF monolayers from four representative jejunal enteroid cultures treated apically with 25 mM of glucose (B) or 70 mM of
glucose (C) for 120 min. (A—C) Experimental data were normalized to the glucose absorption value at 25 mM of luminal glucose in the DF monolayers from enteroid culture #9 of
the BMI?®®°GA™9" group and was set as 100%, which allowed the comparison between different enteroid cultures across various experiments. Each independent experiment
included at least three technical replicates per enteroid culture. Data from up to six independent experiments are presented as mean #+ SEM; *p < 0.05, **p < 0.01, and
***p < 0.001 using Student’s two-tailed t-test. The BMI classification is based on the World Health Organization guidelines. GA classification is based on the median value (50.2)
of GA at 25 mM of glucose treatment in the studied enteroids. GA, glucose absorption; BMI, body mass index; UD, undifferentiated; DF, differentiated.
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monolayers from the BMI°*®®GA™3" phenotype absorbed a signifi-
cantly higher amount of glucose (~ 3-fold) than the UD monolayers
from both lean groups, indicating that crypt-based epithelial cells
might also contribute to the elevated sugar absorption in obesity. Ki-
netic analysis showed that the differences in the basolateral glucose
concentration between the BMI®"GA™" and BMI?®®*GA"" groups
were already significant at 30 min after exposure to apical glucose in
both the DF and UD monolayers (Supplementary Fig. 3A and B). We
concluded that following treatment with 25 mM of glucose, the in-
testinal epithelium derived from a subpopulation of morbidly obese
patients absorbs significantly more glucose than the epithelium
derived from lean subjects. Additionally, the BMI°®®S8GA™" phenotype
had glucose absorption similar to the BMI®™" group, suggesting that
obesity is a complex metabolic disease and pathways other than in-
testinal glucose absorption might be involved.

To mimic the effects of a high-carbohydrate meal, 70 mM of glucose
was added apically to the monolayers. The absorption in the DF
monolayers from the BMI®®®s8GAM" group was significantly higher than
the DF monolayers from all three groups with low glucose absorption.
The difference was highest (~ 6.0-fold) in comparison to the BS naive
BMI®2"GA®" group (Figure 1B). The time course further confirmed
significant differences in basolateral glucose concentrations between
the BS naive BMI®2"GA®™ and BMI®*®*GAMS" groups at all of the studied
time points (Supplementary Fig. 3C and D). Contrary to 25 mM of apical
glucose, 70 mM of apical glucose treatment of the DF monolayers
representing the BMI®®®*GA™ phenotype showed significantly higher
glucose absorption (~ 2-fold) than the BS naive BMI®"GA®Y enteroids
(Figure 1C). Monolayers from the BMI®"GA®" (post-BS) group exposed
to high luminal glucose behaved similar to the BMI®®®GA™™ group.
Glucose absorption values of the DF monolayers after 2 h of treatment
with 70 mM of apical glucose from a representative experiment were
99.2 + 5.8 UM (BMI®"GA™Y) 165.3 + 17.5 uM (BMI®2"GA™" (post-
BS)), 169.1 = 13.5 uM (BMI°P®*GA™Y), and 440 -+ 20.2 pM BMI®®"
SeGA"9IN These data indicated that post-BS epithelium in lean subjects
differed from the epithelium from the BS naive lean subjects in which
intestinal epithelial glucose absorption remained low regardless of the
luminal glucose concentrations.

We concluded that the glucose absorption in the enteroids from the
BMI°®®s8GAMI" phenotype correlated with the increase in the luminal
dietary glucose concentration and appeared to not reach saturation.
Importantly, at high apical glucose concentrations, the glucose ab-
sorption by the UD monolayers from the BMI®®®*® GA"" group was
similar to the glucose absorption by the DF monolayers from the
BMI®"GA™ group, further suggesting the contribution of crypt-like
epithelium to high glucose in obesity.

A high rate of concordance in the transcriptome of intestinal organoids
and intestinal primary tissue has been shown [35,36], indicating that
intestinal organoids preserve donor phenotypes. Based on these
published observations, our data suggested that measured differences
in epithelial glucose handling between enteroid cultures representing
lean or obese phenotypes are likely to reflect the intrinsic trait of the
donor intestinal epithelium. Overall, our results indicated that enteroids
are a relevant patient-specific model to study obesity-imposed intes-
tinal epithelial pathologies.

3.3. Expression levels of transporters involved in dietary
carbohydrate absorption were significantly altered in enteroids from
the BMIP®*GA"" phenotypes compared to the BMI®a"GAY
phenotypes

To understand the mechanisms responsible for the increased glucose
absorption in obesity, we focused on the expression and localization of
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major carbohydrate transporters SGLT1, GLUT2, and GLUT5 in enter-
oids from the BMI*®GA™" and BMI®GA”" phenotypes using
immunoblotting, immunofluorescence, or gRT-PCR (in the absence of
reliable antibodies).

SGLT1 expression was significantly upregulated in all of the groups
upon differentiation, consistent with physiological data that villus
enterocytes are mainly involved in dietary glucose absorption. Inter-
estingly, the magnitude of SGLT1 upregulation due to differentiation
was significantly higher (~ 4-fold) in the BMI°®®*GA"I" group than the
BMI'®2GA®Y phenotype (~ 2.5-fold) (Figure 2A,B). SGLT1 colocalized
with F-actin and wheat germ agglutinin at the apical surface of human
monolayers (Supplementary Fig. 4A and B). The fluorescence intensity
of SGLT1 was higher in monolayers from the BMI°*®*GA™9" group than
the BMI®GA® group (Figure 2C). These data support our glucose
transport findings, demonstrating a link between increased apical
expression of SGLT1 and increased glucose absorption in BMI®?ese-
GA"9" enteroids.

Similar to SGLT1, GLUT2 mRNA expression was similar in the UD
monolayers and significantly increased in the DF monolayers in all
three groups, since dietary glucose absorption was mostly accom-
plished by villus enterocytes (Figure 3A). DF monolayers representing
the BMI®®®*GA"I" phenotype had higher GLUT2 mRNA expression
(~23-fold) than those from the BS naive BMI®2"GA™™ group. These
data together with the functional assessment of the contribution of
GLUT2 to glucose absorption using phloretin indicated that GLUT2
significantly contributes to elevated glucose absorption in obesity.

To determine whether fructose absorption was affected, the mRNA
levels of GLUT5 were measured. GLUT5 mRNA expression was similar
in the UD monolayers in the BMI®3"GA®" and BMI®"GA™" (post-BS)
cultures but significantly higher (~ 35-fold) in the UD monolayers of
the BMI?®®¥GAMI" phenotype. GLUT5 mRNA expression significantly
increased upon differentiation, and the BMI®®®*GA™" DF monolayers
had significantly higher GLUT5 mRNA expression (~ 150-fold) than the
BS naive enteroids (Figure 3B). These data, together with the GLUT5
inhibition data, suggested that fructose absorption may also have been
higher in the monolayers from the BMI??®®GA™9" phenotype than the
lean phenotype.

Taken together, our data indicated that in the BMI°*®2GA™9" enteroids,
obesity was associated with significant changes in expression of the
major carbohydrate transporting proteins SGLT1, GLUT2, and GLUTS.
Importantly, human enteroids in long-term cultures preserved these
obesity-related differences in the expression of carbohydrate
transporters.

3.4. Inhibition of intestinal sugar transporters SGLT1 and GLUT2
significantly decreased glucose absorption in enteroid monolayers
from the BMI®®**GAM9" phenotypes

Both the increase in luminal dietary glucose uptake and basolateral
secretion by enterocytes may be responsible for the elevated ab-
sorption of glucose reaching the bloodstream. We next examined the
contribution of glucose transporters SGLT1 and GLUT2 to the overall
glucose absorption using pharmacological studies. The DF mono-
layers (highest glucose absorption as shown in Figure 1) were
exposed to either 25 mM (Figure 4A) or 70 mM of glucose (Figure 4B)
with phloretin (PT, a GLUT2 inhibitor) or phloridzin (PZ, an SGLT1
inhibitor) [15,37,38]. Either PT (50 puM) or PZ (50 pM) treatments
significantly decreased glucose absorption compared to untreated
controls. The combination of PT and PZ did not further decrease the
basolateral glucose concentration (Figure 4), indicating that both
SGLT1 and GLUT2 are involved in the same glucose absorption
pathway.
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Figure 2: SGLT1 was significantly upregulated in enteroid cultures derived from the BMI®®*GA™" phenotype compared to the BMI®"GA" phenotype. (A) Representative
immunoblot of SGLT1 (~ 77 kDa) and membrane marker Na*/K™ ATPase-o. subunit (~ 110 kDa) used as a loading control in total cell membrane lysates. (B) Quantification of
SGLT1 protein expression. Data from three independent experiments (mean + SEM); *p < 0.05 and **p < 0.01 (Student’s two-tailed t-test). (C) Representative immunofiu-
orescence confocal images (XY and XZ) of monolayers immunostained for SGLT1. Images are representative of three independent experiments. Scale bar, 10 um. Note that
differentiated cells are taller compared to undifferentiated cells in the enteroid monolayers. GA, glucose absorption; BMI, body mass index; UD, undifferentiated; DF, differentiated.

3.5. Elevated gluconeogenesis contributed significantly to the
increase in basolateral glucose deposited by enteroid monolayers
from the BMI°*®58GAMI" phenotypes

The expression of rate-limiting gluconeogenic enzymes phospho-
enolpyruvate carboxykinase 1 (PEPCK1) and glucose-6-phosphatase
(G6Pase) in human enterocytes indicates that the proximal small in-
testine might contribute to de novo glucose synthesis [39]. We found
that PEPCK1 protein expression was significantly upregulated in the DF
monolayers (~27-fold) and UD monolayers (~ 20-fold) from the
BMI®PeseGAMIN group compared to the lean enteroid monolayers
(Figure 5A,B). G6Pase mRNA levels were significantly increased
(~ 26-fold) in the DF monolayers from the BMI°®®*GA™" phenotype
compared to the lean cultures (Figure 5C). The increased expression
levels of gluconeogenic enzymes indicated that gluconeogenesis could
also contribute to high blood glucose in obesity.

To test whether elevated gluconeogenic enzymes increase glucose
production by enterocytes in obesity, we incubated DF monolayers
from cultures of the BMI®"GA® and BMI®®®*GA™" groups in
glucose-free solutions containing gluconeogenic substrates and
measured the amount of glucose deposited into the basolateral media.

Apical exposure of the DF monolayers to 2 mM of pyruvate/20 mM of
lactate significantly increased the basolateral glucose concentration in
the BMI?®®2GA"S" monolayers but not in the lean enteroids, in which
the basolateral glucose concentration was below detection levels
(Figure 6A). These data indicated that de novo glucose synthesis via
elevated expression of gluconeogenic enzymes is increased in obesity.
Fructose feeding induces significant increases in the expression of in-
testinal fructolytic and gluconeogenic enzymes in mice [40], and
ingested fructose is metabolized in the small intestine via gluconeo-
genesis [25,40]. We hypothesized that in the BMI°®®*GAM" enteroids,
fructose uptake via elevated apical GLUT5 followed by increased fruc-
tose metabolism via elevated gluconeogenic enzymes might significantly
contribute to elevated glucose levels. We used apical fructose to assess
the possible contribution of this dietary sugar to the basolateral glucose
deposit via gluconeogenesis. Exposure to 70 mM of apical fructose for
3 h significantly increased the basolateral glucose concentration in the
DF monolayers from BMI°®®®GA™" phenotype but not in the lean
phenotype (Figure 6A). These results indicated that in the BMI®P¢seGAMIN
group, increased GLUT5 expression led to increased fructose uptake,
which served as a substrate for de novo glucose production.
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Figure 3: GLUT2 and GLUT5 mRNA expression levels were significantly upregulated in enteroid cultures derived from the BMI°®®°*GA™9" phenotype compared to the BMI®2"GA""
phenotype. gPCR analysis of GLUT2 mRNA (A) and GLUT5 mRNA (B) expression in the UD and DF enteroid cultures. Data are normalized to 18S mRNA expression. Data from three
independent experiments (mean + SEM); *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s two-tailed t-test). GA, glucose absorption; BMI, body mass index; UD, un-

differentiated; DF, differentiated.

To examine the contribution of GLUT5 and GLUT2 to fructose uptake,
we conducted pharmacological inhibition studies using MSNBA (a
GLUT5 inhibitor) [41] and phloretin (@ GLUT2 inhibitor). The DF
monolayers from the BMI°?®8GA™I" phenotype were treated apically
for 3 h with 70 mM of fructose in the presence of 500 uM of MSNBA or
400 pM of PT. Inhibition of either GLUT2 or GLUT5 significantly
decreased the basolateral glucose concentration (Figure 6B), indicating
that both GLUT2 and GLUT5 are involved in luminal fructose uptake,
and their inhibition decreases basolateral glucose deposition.

We next measured the contribution of gluconeogenesis to the baso-
lateral glucose concentration in the DF monolayers from the BMI-
leanGAIW ang  BMICPe2GAMI" phenotypes (Figure 6C) treated with
70 mM of fructose for 16 h. The DF monolayers from the BMI?"®e-
GA"9" phenotype had significantly higher basolateral glucose con-
centrations compared to the BMI®®"GA®™ phenotype. Collectively these
data suggested that increased basolateral glucose deposition by
gluconeogenesis can also substantially contribute to obesity.

4. DISCUSSION

We used human stem cell-derived enteroids as an ex vivo model of the
small intestinal epithelium [27,28,30,31] to mimic the abnormal ab-
sorption and metabolism of dietary sugars associated with obesity.
Using enteroids derived from 19 patients with a wide spectrum of
BMIs, we showed four different glucose-absorption phenotypes. We
were able to identify two different physiologic traits in morbidly obese
patients: low or high epithelial sugar absorption. Enteroids from pa-
tients representing the BMI°?®®GA"" phenotype supported previous
findings that showed increased expression of carbohydrate

transporters and increased glucose absorption in obesity [10,23,42—
45]. This phenotype is also characterized by a significant elevation in
intestinal epithelial gluconeogenesis, a novel observation. Our findings
suggested that at equal concentrations of dietary glucose, patients
with the BMI?®®GAMI" phenotype might transport more glucose into
the systemic circulation than non-obese patients. In future studies, it
will be important to test the contribution of intestinal carbohydrate
transport and metabolic abnormalities to glucose levels in the systemic
circulation and evaluate the importance of their role in obesity and
metabolic diseases in this category of patients. These data also provide
a possible mechanistic explanation for the inability of changes in diet to
combat morbid obesity [2—4]. However, our enteroid studies showed
that this occurs only in a subset of obese patients. We found another
morbidly obese phenotype with low glucose absorption (BMI°°®¢GA-
I°‘"’), and these findings match the presence of normoglycemic and
hyperglycemic morbidly obese subjects [46]. The uptake and meta-
bolism of amino acids and lipids are altered in obesity, suggesting that
pathways other than carbohydrate uptake and metabolism may play a
significant role in BMI°?®®GA®" phenotype patients. Our enteroid data
on differential glucose absorption in morbidly obese individuals
strongly supports a recent continuous glucose-monitoring study that
identified several “glucotypes” based on the variability in blood glucose
levels [47].

We demonstrated that all of the enteroids from the lean group
(including post-BS cases) exhibited low glucose absorption and lacked
gluconeogenic activity, similar to that measured in the lean BS naive
subjects. Our data matched results obtained by comparing human
small intestinal samples pre- and post-BS in which SGLT1 and GLUT2
protein expression was increased in BMI*®®GA"I" opese patients
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Figure 6: Enteroid monolayers representing the BMI??®®GA™I" demonstrated significantly elevated gluconeogenesis with dietary fructose as a potential substrate. (A) Basolateral
glucose concentration after apical treatment of the DF monolayers from the BMI®®S®GA™" phenotype or BMI®®"GA" phenotype with either 2 mM of pyruvate/20 mM of lactate or
70 mM of fructose for 3 h. Basolateral glucose concentration in enteroid monolayers representing the BMI'eanGAY phenotype was below the detection limit. (B) Effects of 500 uM
of -[4-(methylsulfonyl)-2-nitrophenyl]-1,3-benzodioxol-5-amine (MSNBA, a GLUT5 inhibitor) or 400 uM of phloretin (PT, a GLUT2 inhibitor) on the basolateral glucose concentration
in the DF monolayers derived from the BM[oPeseGAMigh phenotype at 3 h of exposure to 70 mM of apical fructose. Basolateral glucose concentration in each experiment was
normalized to the value of the NT (not treated) enteroid culture #9 of the BMI®®®®GA™" group, which was set at 100%. Basolateral glucose concentration in monolayers rep-

resenting the BMI®2"GA®” phenotype (black bar) was below the detection limit. (C) The

basolateral glucose concentration after apical treatment of the DF monolayers from the

BMI°P®s8GAMIN phenotype (n = 3 subjects) or BMI'®3"GA®Y phenotype (n = 4 subjects) with 70 mM of fructose for 16 h. Data in each experiment were normalized to the value of
enteroid culture #9, which was set at 100%. (A—C) Data from three independent experiments (mean 4 SEM); each experiment was conducted in triplicate; *p < 0.05,
**p < 0.01, and ***p < 0.001 (Student’s two-tailed t-test). NT, not treated; GA, glucose absorption; BMI, body mass index; UD, undifferentiated; DF, differentiated.

licogliflozin, a dual SGLT1/2 inhibitor, showed promising results in
decreasing blood glucose and body weight of obese patients [49].
Interestingly, we observed significant differences in glucose absorption
between enteroids from the BS naive lean subjects and those from the
post-BS patients, despite the lack of significant differences in the
expression levels of sugar transporters between these two groups.
Additional consideration for differences in signaling, intracellular
localization, and subcellular trafficking could contribute to different
glucose-absorption profiles [23,59]. Dynamic regulation of glucose
transport by protein trafficking has been reported for GLUT4 [60].
Therefore, possible mechanisms that could explain the differences in
glucose absorption between these enteroid groups at high luminal
glucose concentrations that should be addressed in future studies
include: a) differences in the localization of GLUT2 levels under basal
conditions, b) differences in glucose-dependent GLUT2 trafficking to
the apical plasma membrane to facilitate the uptake of excess glucose,
and c) differences in post-transcriptional and post-translational regu-
lation of SGLT1 and/or GLUT2.

In addition, our functional data in human enteroids demonstrated that
intestinal epithelial gluconeogenesis may significantly contribute to
elevated blood glucose in obesity. Fructose is the main gluconeogenic
substrate transported into enterocytes by GLUTS, the apical fructose
transporter that is elevated in the intestine of T2D patients [20]. Our
data showed for the first time the functional link between GLUT5 and
the upregulation of the major rate-limiting gluconeogenic enzymes
PEPCK1 and G6Pase, which resulted in a significant increase in
glucose deposited into the serosa following dietary fructose uptake.
Pharmacologic inhibition of GLUT5 decreased glucose production via
gluconeogenesis, suggesting that GLUT5 may also be a valuable target
in treating obesity. The contribution of gluconeogenesis to high serum
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glucose levels in obese and T2D patients is essentially unknown. Portal
vein glucose measurements cannot separate the contribution of in-
testinal glucose absorption and gluconeogenesis; therefore, a relevant
in vitro model of the human intestinal epithelium is required to
discriminate how each contributes to high blood glucose. Although
data from an animal model of T2D suggested that gluconeogenesis
might increase in the gut epithelium post-BS surgery [50], these
findings are not supported by human clinical data. In contrast, direct
simultaneous measurement of fasting glucose in portal and central
venous blood before and 6 days after RYGB provide no evidence to
support the hypothesis that intestinal gluconeogenesis contributes to
the resolution of T2DM after RYGB [51]. In agreement with our data,
higher PEPCK1 expression and higher enzymatic activity of G6Pase
was detected in the jejunum of morbidly obese patients with high
insulin resistance [52]. Similarly, decreased relative abundance of
PEPCK1 and G6Pase was observed in all segments of the intestine
after RYGB [53]. Taken together, these data indicate that intestinal
gluconeogenesis might contribute to high blood glucose in obesity in
humans and successful BS surgery might be accompanied by a
decrease in the portion of blood glucose derived from intestinal
gluconeogenesis.

Collectively, our data demonstrate that intestinal glucose absorption via
transport and gluconeogenesis might contribute to high blood glucose
levels in a subset of morbidly obese patients (Figure 7). Based on these
data, we suggest that the decrease in serum glucose concentrations
that occurs after BS [8,9] might be partially due to the minimization of
the intestinal contribution to overall blood glucose levels. It remains to
be determined whether successful BS could be predicted by high in-
testinal glucose absorption and/or gluconeogenesis prior to surgery.
However, targeting the molecular steps involved in intestinal glucose
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transport and gluconeogenesis may represent a pathway for the
development of novel drugs to treat metabolic diseases. These data
also suggest that multiple molecular targets must be considered when
using therapeutic approaches to duplicate the effects of BS on the
instant decrease in blood glucose levels.

Our data confirmed observations [6] that the “non-intestinal” GLUT1
glucose transporter is expressed in human enterocytes. Immunofluo-
rescence demonstrated that GLUT1 was mainly localized to the lateral
membrane and intracellularly in the UD monolayers and intracellularly
in the DF monolayers from the BMI®2"GA®" group (Supplementary
Fig. 5C). Interestingly, both GLUT1 expression levels and intracellular
distribution were greatly diminished in the BMI°*®8GA"I" enteroids
(Supplementary Fig. 5A-C). Differentiation decreased GLUT1 protein
levels and increased its intracellular presence, indicating potential
trafficking to the cytosol. Thioredoxin-interacting protein (TXNIP) is
involved in GLUT1 endocytosis and degradation [54]. We observed an
increase in TXNIP levels upon differentiation in enteroids (data not
shown), suggesting a potential explanation for the decrease in GLUTT.
GLUT1 was not associated with glucose absorption (Supplementary
Fig. 5D), suggesting that GLUT1 might supply glucose to prolifer-
ating stem cells in undifferentiated enteroids, which require energy but
express low levels of other sugar transporters and gluconeogenic
enzymes. The role of GLUT1 in the intestinal epithelium remains to be
examined.

Human small intestinal enteroid cultures obtained from different pa-
tients can retain the donor phenotype [55]. These data support our
findings that human enteroid cultures preserve the phenotypic differ-
ences between epithelia from obese, overweight, lean, and post-BS
subjects for multiple passages. Our findings demonstrated for the
first time that stable long-term changes in gene regulation in intestinal

stem cells occur in obesity. Enteroids retain these patient character-
istics and could serve as a model to study cellular and molecular
changes associated with obesity. This conclusion was supported by
recent observations that disease phenotypes of several chronic in-
testinal disorders such as celiac disease [56,57] or inflammatory
bowel disease [35,58] are preserved in human intestinal enteroids.
This allows for relevant in vitro studies using human enteroids to
investigate disease phenotypes, mechanisms of disease progression,
and individual therapeutic options.

A limitation of our study is the small number of subjects per group and
the lack of detailed clinical information regarding the subjects;
therefore, conclusions regarding the clinical relevance of this study
cannot be generalized. However, our study demonstrated the presence
of phenotypic differences between enteroid cultures that were
conserved ex vivo for at least 15 passages and provided evidence that
patient-derived enteroids can be used in more detailed studies to
understand the pathophysiology of obesity in a model that retains the
patient-specific disease phenotype. Future studies are needed to
delineate the contribution of clinical factors to the observed glucose
absorption/gluconeogenesis phenotypes. It is also necessary to
address the direct role of bariatric surgery in the possible changes in
intestinal carbohydrate transport and metabolism by analysis of
glucose absorption/gluconeogenesis in collections of pre- and post-BS
tissue/enteroids from the same subjects and evaluate enteroids with
clinical data of patients at the time of tissue collection.

We conclude that obesity is characterized by significant and stable
changes in the expression and activity of major dietary sugar trans-
porters and gluconeogenic enzymes in human intestinal epithelium in a
subset of morbidly obese patients. These changes lead to significant
increases in glucose absorption that might substantially contribute to
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high blood glucose levels in obesity. Human enteroid monolayers that
preserve the patient phenotype in long-term cultures represent a
reliable and robust model to study the consequences of obesity and
search for effective therapeutic interventions.
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