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Intestinal adaptations increase basolateral intestinal glucose uptake and

glycolysis in a mouse model of Cystic Fibrosis

ABSTRACT

The gastrointestinal manifestations of Cystic Fibrosis (CF) are a continued
source of morbidity and mechanistic uncertainty despite recent advances in CF care.
We sought to characterize intestinal glucose demand in a mouse model of CF to better
understand CF intestinal disease. We assessed in vivo systemic glucose uptake from
circulation, including intestinal glucose demand, using '®F-Fluorodeoxyglucose Positron
Emission Tomography (PET) imaging studies in wildtype (WT) and CF mice. RNA-
Sequencing studies with complementary assessments of protein expression and
functional metabolism were performed to identify the responsible glucose transporter
and relevant metabolic pathways. Lastly, morphologic and histologic differences
between the CF and WT small intestine were investigated. Increased glucose uptake
from circulation to CF intestine was detected with the most prominent increases seen in
CF jejunum and ileum. Increased mRNA and protein expression of GLUT1 was evident
in whole intestinal tissue and isolated crypts suggesting GLUT1 is responsible for
mediating the increased glucose uptake from the blood supply. We found transcriptional
and functional enrichment of glycolysis in the CF jejunum and ileum. Proliferative
intestinal adaptations, including increased intestinal length and weight, in addition to
increased villi length and crypt depth, were observed in CF mice. The increased
intestinal glucose uptake from circulation and increased glycolysis, in combination with

the morphologic and histologic changes in the CF intestine,
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are suggestive of a proliferative adaptive response and increased intestinal glucose
demand in CF. This work may yield novel markers of CF disease status and new

therapeutic approaches.

NEW AND NOTEWORTHY

We found transcriptional, protein level, and functional evidence of increased intestinal
glucose uptake from circulation and increased glycolysis in a Cystic Fibrosis mouse
model. These findings in the context of hyperplastic morphologic and histologic changes
in the Cystic Fibrosis intestine are indicative of an adaptive response. Our work
elucidates new mechanisms of intestinal disease in Cystic Fibrosis and identifies altered
intestinal glucose uptake and glycolysis as potential markers of disease status and

gastrointestinal cancer risk.

Keywords: Cystic Fibrosis, Intestine, Glucose Metabolism, Glucose Uptake, Intestinal

Adaptation

INTRODUCTION

The intestinal manifestations of Cystic Fibrosis (CF) continue to be a source of
morbidity despite major advances in CF therapies over the past several years (1). CF
intestinal disease may include obstruction at birth or throughout the lifespan, dysmotility,
constipation, small intestinal bacterial overgrowth, and abdominal pain and discomfort
(2). People with CF also have a five to ten-fold increased risk of developing

gastrointestinal cancers earlier in life, the reason for which remains largely unknown (3—
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5). The mechanisms underlying the intestinal manifestations of CF are not fully
understood. Impaired chloride and bicarbonate ion transport due to absent or
dysfunctional CFTR results in dehydrated, viscous mucus that coats the intestinal lumen
and alters pH. These changes are thought to create an environment that hinders
digestive enzymatic and immune function to promote dysbiosis, dysmotility, and
obstruction (2, 6, 7). The other major organs of digestion, including the pancreas and
hepatobiliary system, are also affected in CF, which can result in a variety of symptoms
mainly related to fat malabsorption, in addition to various hepatic and biliary pathologies
(2, 7).

Most of what is known about the CF intestines has been garnered from studies
on the luminal function pertaining to digestion, absorption, mucus accumulation, and
bacterial dysbiosis, but little has been described regarding the serosal side. In the
process of evaluating systemic carbohydrate utilization in CF mice, we identified the
intestine as a key site of increased glucose uptake from circulation in CF. Consequently,
we employed a series of complementary in vivo and ex vivo, transcriptional and
functional approaches to characterize intestinal glucose demand and metabolism in a
mouse model of CF to gain new insights into mechanisms of intestinal disease.

We show elevated GLUT1 (Slc2al) expression in both CF intestinal tissue and
isolated crypts, suggesting GLUT1 is responsible for the increased intestinal glucose
uptake from the circulation in CF mice. We also identified concomitant increases in
glycolysis, in addition to evidence of increased cell proliferation in the CF intestine.
Taken together, these results are indicative of an increased intestinal glucose demand

in CF to maintain intestinal homeostasis. This work offers a novel approach to
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understanding CF intestinal disease. Our findings emphasize a continued need to
investigate how the interplay of numerous digestive and absorptive defects in CF
contribute to disease pathogenesis to develop more effective therapies for the

gastrointestinal manifestations of CF.

MATERIALS AND METHODS
Mouse model

All experiments were performed using age and sex matched, non-littermate
wildtype (WT) and the previously established Cystic Fibrosis (CF) (G542X/G542X) mice
on the C57BI6/J background (8). Male and female mice, approximately 6-12 weeks of
age, were used for all experiments unless otherwise indicated. All mice had unrestricted
access to D12451i diet (Research Diets, 45 kcal % fat) with acidified water. Mice were
housed in standard, ventilated polysulfone microisolator cages with corncob bedding,
nestlets, and shelter and maintained on a 12hr light/12hr dark cycle schedule with an
average ambient temperature of 22°C. All interventions and sample collection were
performed during the light cycle. All animal use and procedures were approved by Case

Western Reserve University’s Institutional Animal Care and Use Committee (IACUC).

In vivo "®F-FDG Positron Emission Tomography (PET)/Magnetic Resonance
Imaging (MRI) studies

Mice were fasted for 4 hours prior to imaging studies and moved to cages with
Alpha-Dri™ bedding with free access to water. ®F-Fluorodeoxyglucose (~200uC,

7.4MBq "®F-FDG per mouse) was injected through the tail vein. The mice were then
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anesthetized with isoflurane and positioned within a Bruker Biospec 0.4T MRI scanner
(Bruker Corp., Billerica, MA, USA) employing a Cubresa NUPET PET insert (Cubresa
Inc., Winnipeg Mannitoba, Canada) to acquire the PET signals as well as a PET
compatible radiofrequency volume MRI coil (ID = 35 mm) to acquire the MRI signals.
The PET and MRI data were acquired simultaneously. A 90-minute dynamic PET scan
was used to acquire the PET images, while a coronal 3D True FISP (True Fast Imaging
with Steady-state Free Precession) acquisition was used to generate the anatomic MRI
images (FOV = 60 x 30 x 30mm, matrix size = 256 x 128 x 128, TR/TE = 4.0/2.0 ms, flip
angle = 30 degrees, 5 signal averages, scan time = 6 minutes). Body temperature and
respiration of the anesthetized mice were monitored and maintained during the PET-

MRI scans.

Ex vivo '®F-FDG biodistribution studies

Following the ®F-FDG in vivo imaging studies, sections of duodenum, jejunum,
ileum, and central colon exclusive of the cecum were collected and weighed with and
without intestinal contents. Radioactivity of the respective intestinal pieces was assayed
by gamma counter (Lablogic, Hidex-AMG). Samples then air-dried overnight followed by

24hrs at 60°C for determination of the dry weight.

RNA isolation
The small intestine was extracted in its entirety from stomach to cecum and
flushed with cold phosphate buffered saline (PBS). Three-inch long intestinal segments

were collected from the beginning, middle and end of the small intestine to correspond
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with duodenum, jejunum, and ileum respectively and frozen immediately in liquid
nitrogen. The jejunum section was divided in half lengthwise prior to freezing, using one
section for whole tissue RNA and the other for crypt isolation and subsequent RNA
extraction. RNA was isolated using Rneasy mini kit (Qiagen), concentration and quality

checked with the Nanodrop (ThermoScientific).

Intestinal crypt isolation

The respective intestinal sections were flushed with cold PBS. Sections were
then cut longitudinally and villi removed with gentle scraping. Intestinal sections were
then cut into small pieces and rocked in PBS-EDTA (Phosphate-buffered saline-
Ethylenediaminetetraacetic acid) (2mM, pH 8) at max speed using the Boekel Ocelot
Shaker (Model 260300F, Fisher Scientific) for 30 minutes for dissociation at room
temperature. Samples were then vortexed for approximately 10 seconds, allowed to
settle, and the supernatant removed and collected. Fresh PBS was added and the
process repeated for a total of 4 times to obtain 4 total fractions. The 3™ and 4" fractions

were used and centrifuged at 200 RCF for 10 minutes at 4°C and supernatant removed.

Protein isolation and western blot

Isolated crypts and PBS-washed whole intestinal tissue samples were
respectively lysed and homogenized with RIPA (radio-immunoprecipitation assay) buffer
(Thermo Fisher, #89901) containing protease inhibitors (Complete, EDTA-free Protease
Inhibitor Cocktail tablets, Roche). Samples were incubated either on ice for 30 minutes

or for 2 hours at 4°C for crypts and whole tissue lysates respectively. Protein was
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quantified by BCA (bicinchoninic acid) assay (BioRad). Samples were prepared in 4x
Laemmli sample buffer (BioRad) and either incubated at room temperature for 30
minutes for GLUT1 blots or at 95°C for 5 minutes for Hexokinase2 (HK2) blots. Samples
were loaded into a precast 12% polyacrylamide gel or 8-16% polyacrylamide gel
(BioRad) for GLUT1 and HK2 blots respectively. Protein was transferred to
polyvinylidene fluoride microporous membranes (Millipore) using the Trans-Blot Turbo
Blotting System (BioRad). Membranes were blocked in 5% nonfat milk prepared in PBS
with 0.01% Tween-20 for 1 hour at room temperature and then incubated overnight with
anti-GLUT1 antibody (ab115730, 1:10,000), anti-Hexokinase Il antibody (ab209847,
1:1000), or anti-beta-Actin antibody (Cell Signaling, Cat#4970, 1:1000). Blots were
incubated at 4°C overnight in 5% of non-fat dry milk in 1xPBS-T (0.1% Tween 20 in 1x
PBS) with gentle shaking using the Labnet Shaker 35. Mouse anti-rabbit IgG antibody,
HRP conjugate (Millipore, AP188P) was used as the secondary antibody. Immunoblot

signal was detected using a ChemDoc imaging system (BioRad).

Ex vivo assessments of extracellular acidification rate

Tissue extracellular acidification rate for intestinal tissue was assessed using a
modified protocol from Fan et al. (2022) (9). Small intestinal segments were washed in
ice cold PBS and the contents were gently removed. A 2mm biopsy puncher (Qiagen)
was used to make 5-7 equally sized tissue pieces per intestinal section. Each intestinal
punch was added into a single well of an Islet XF24 microcapture plate and held into
place with an islet screen (Agilent). Wash media (Gibco 11885-084, supplemented with

25mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and additional



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

glucose to reach 25mM total) was added to each well. Then, tissue pieces were washed
with wash media followed by assay media (Agilent 103575-100, supplemented with
17.5mM glucose, TmM pyruvate, 4mM glutamine). Next, assay media was added to
each well and the plate incubated at 37°C for 45 minutes. Following the incubation,
media was replaced with fresh assay media. The Seahorse XFe24 Analyzer and
corresponding XFe24 sensor cartridges (Agilent) were used to measure the baseline
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). Ten
measurement cycles were obtained. The XFe24 Analyzer measurement parameters
were set to the machine standard of 3 minutes for “Mix,” 2 minutes for “Wait,” and 3
minutes for “Measure” for each measurement cycle. All steps prior to the incubation

were performed on ice.

Lactate quantification

For each intestinal section, 4-5 equally sized 2mm tissue punches were obtained
and prepared in the exact same manner as for the ex vivo studies of extracellular
acidification rate. Following 45 minutes of incubation, media was collected. Lactate
levels were measured using RayBioTech L-Lactate assay (MA-LAC-1). Data are

presented as average fold change of replicates relative to WT controls.

Histology
Small intestines were excised from stomach to cecum and flushed with cold PBS.
Samples for intestinal cross sections were then cut into approximately 1 cm sections

from each intestinal region. For layer quantification studies, the intestine was divided

10
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into 5 equal consecutive sections and each opened longitudinally. Swiss rolls for each
section were prepared using a modified protocol from Williams et al. (10). Intestinal
samples were fixed in a 10% neutral buffered formalin solution for 24 hours. Samples
were then processed and embedded in paraffin using standard histological procedures.
The tissue blocks were then sectioned into 5-micron slices and mounted on glass
slides. Hematoxylin and eosin staining was performed following a standard protocol for
tissue analysis. Images were taken using an Olympus BX43 microscope with LC35 USB
camera and are displayed at 4X or 10X magnification. For quantification of the intestinal

layer thickness, slides were scanned with a Hamamatsu Nanozoomer S60 at 40X.

Data Analyses
18F.FDG PET/MR image analyses and quantification

PET and MR image registration and quantitative image analysis of ®F_FDG
uptake in different organs was performed using VivoQuant software. Regions of interest
(ROI) were extrapolated from the reconstructed yPET image frames and standard
uptake value (SUV) was quantified in a specific region based on the PET and MR co-
registered images. The radioactivity data were decay-corrected and normalized to the
body weight and the amount of "®F-FDG injected. Radioactivity concentration in the
respective organs is expressed in terms of SUV. The time activity curve (TAC) for each

organ was obtained.

Biodistribution studies

11
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Tissue activity was decay-corrected to the euthanasia time and was divided by
the injected activity in order to determine the percent of injected dose (%ID). This was,
in turn, divided by the tissue mass to determine the activity expressed as the percent of
the injected dose per gram of tissue (%ID/g) using the wet weight, in accordance with
the field standard analytic approach for biodistribution studies. Data were also
normalized to dry weight. Decay-corrected activity normalized to dry weight was also

calculated (MBq/g dry weight).

RNA-sequencing studies

RNA-seq libraries were generated using TruSeq stranded Total RNA Ribo-Zero
mouse gold kit (Illumina, San Diego, CA) and the quality of resulting libraries was
assessed using Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA).
lleum (WT n=4, CF n=5) sequencing was carried out using an lllumina HiSeq 2500
Rapid Run flow cell — 2x100bp run. Duodenum (WT n=9, CF n=9), jejunum (WT n=8,
CF n=9) and jejunum crypts (WT n=8, CF n=9) sequencing was carried out using an
lllumina NextSeq 550 HO flowcell — 2x75bp run. Reads were trimmed and filtered using
Trimmomatic (v 0.39), then aligned to UCSC (University of California Santa Cruz)
mouse genome mm10 using Bowtie2 and Tophat (2.1.1). Assembly of transcriptomes
and quantification was performed with Cufflinks (2.1.1). Expression levels are
expressed as fragments per kilobase of exon per million fragments mapped (FPKM).
Data was further analyzed and visualized using CummeRbund run under the R package
(4.1.3). Statistical significance in differential gene expression between groups was

assessed with Cuffdiff (2.1.1). Hierarchical clustering of genes was generated using

12
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Complete Linkage as the clustering method. Euclidian distance was used as the
similarity measure with Z-Score as the normalization method. These analyses were
performed with TIBCO Spotfire Software (Palo Alto, CA). Pathway analysis was
performed using Gene Set Enrichment Analysis (GSEA) (Broad Institute,
software.broadinstitute.org/gsea), a computational method that determines statistical
significance of a priori defined set of genes between two groups and ClueGo within
Cytoscape software v3.10.3 using Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, WikiPathways (WP), Reactome pathways and Reactome reaction pathways,
as well as GO biological process (GO BP). All RNA-seq studies were performed using
samples derived from male WT and CF mice approximately 6-8 weeks of age. RNA-Seq
data have been deposited in NCBI's Gene Expression Omnibus and are available

through GSE291307.

Publicly available single cell RNA sequencing data

Publicly available single cell sequencing data for wildtype small intestine was
used and analyzed with the 10X Genomics Loupe Browser v8.0.0 (11). Cell identity
markers were determined using PanglaoDB and confirmed using a publicly available
wildtype mouse small intestine spatial transcriptomics dataset Visium HD) (12, 13). Both
the publicly available single cell and spatial transcriptomic datasets were pre-processed
by 10X Genomics, including the normalization, dimensionality reduction/UMAP

projection, and clustering (11, 13).

Quantification of intestinal layer thickness

13
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Layer thickness was measured in the outer portion of Swiss rolls derived from the
most proximal, central, and distal small intestinal segments to represent the duodenum,
jejunum, and ileum respectively. Smooth muscle layer thickness (comprised of both
circular and longitudinal layers) and length of complete villi and crypt units were
measured using NDP.view v 2.7.52 software (Hamamatsu Photonics K.K). The smooth
muscle to epithelial ratio was defined as the ratio of smooth muscle layer thickness
(including both circular and longitudinal layers) over the combined villi and crypt length.

Data are presented as mean + SEM.

Ki67 Quantification

Slides were imaged on the Zeiss AxioObserver 7 fluorescence microscope on
the 20x objective for best resolution and using the stitching feature to take a 2x2 image
equivalent to a 10x field of view. The images were opened in QuPath and manually
annotated to include only the crypts in the 10x field for analysis, leaving out positive
immune cells in the villi. Ki67 staining was quantified using the positive cell detection
tool in QuPath with the following settings: Detection channel AF594, requested pixel
size 0.5um, background radius 8um, median filter radium 1.5 um, minimum area 5um?,
maximum area 200 umz, threshold 300, cell expansion 1T. Cell detection parameters
were verified by a pathologist after QuPath cell detection was complete to ensure

correct selection of positive cells.

Statistics

14
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Data are reported as mean +/- standard error of the mean (SEM). Statistical
analyses were performed using Student’s t-tests as described in figure legends unless
otherwise specified, using p<0.05 for determination of significance of differences. For
repeated measurements, comparisons between groups were performed using a main
effect repeated measures two-way ANOVA with the Geisser-Greenhouse correction. P-
values are reported with the F statistic (degrees of freedom of the numerator, degrees
of freedom of the denominator). The p-value for genotype is displayed on the relevant
figures. Additional information is provided in the corresponding figure legends. For all
figures *p<0.05, **p<0.01, **xp<0.001, ***xxp< 0.0001. Additional information regarding
sample size, replicate numbers, and significance is included within the respective figure
legends or corresponding method section. All figures were made using Graphpad Prism

(10.3.0) and BioRender (https://BioRender.com).

RESULTS
Increased glucose uptake from circulation to CF intestine

While "®F-Fluorodeoxyglucose ('®F-FDG), a radioactive glucose analog, has
been extensively used to assess glucose uptake in various cancers, '°F-FDG can also
be leveraged for quantitative assessments of systemic in vivo glucose uptake from
circulation to non-cancer cells and tissues (14). For instance, '®F-FDG Positron
Emission Tomography (PET) approaches have been used to study in vivo glucose
uptake from the blood supply to intestine following gastric bypass surgeries and in
inflammatory bowel disease (IBD) to provide insights into intestinal glucose demand,

adaptive responses, and pathologic mechanisms (15-19). To assess systemic in vivo

15
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glucose uptake from circulation, including intestinal glucose demand, "®F-FDG PET/MRI
studies were performed in wildtype (WT) and age and sex matched CF (G542X/G542X)
mice (8). In short, mice were subject to a 4-hour fast prior to imaging to remove the
confounding effects of food intake on label uptake. Next, mice were injected with "8F-
FDG through the tail vein and subsequently imaged with concurrent PET/MRI for
visualization, localization, and quantification of label uptake. Interestingly, there was
increased '®F-FDG uptake from the blood supply to the CF intestine relative to WT
(Figure 1A-C). No significant differences in in vivo glucose uptake were seen in the
other organs examined, including the brain, heart, lung, kidney, liver, and skeletal

muscle (Supplemental Figure S1).

Most pronounced increases in glucose uptake evident in CF jejunum and ileum

Our in vivo approaches indicated increased glucose uptake from circulation to
the entire CF intestine, but could not differentiate between intestinal regions.
Consequently, we performed ex vivo biodistribution studies to assess the localization of
glucose uptake within the intestine. Following the in vivo '®F-FDG PET/MRI study,
duodenum, jejunum, ileum, and colon were removed and the radioactivity from the '®F-
FDG uptake was quantified. Consistent increases in signal from the "®F-FDG were
detected in the CF jejunum and ileum with each normalization method (Figure 2A-D).
More variable increases in radioactivity were also seen in the CF duodenum and colon,
but were dependent on normalization method and may suggest increased glucose

uptake, but to a lesser extent (Figure 2A,D). Collectively, our ex vivo biodistribution

16
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studies further localize the increased label uptake to the CF jejunum and ileum where

the increases in radioactivity are most prominent.

Increased Slc2a1 (GLUT1) mRNA expression in CF intestinal tissue and isolated
crypts

Next, we assessed glucose transporter gene expression through RNA
Sequencing (RNA-Seq) studies on WT and CF duodenum, jejunum, ileum, and isolated
crypts from the jejunum to identify the candidate transporter responsible for mediating
the increased glucose uptake from circulation to the CF intestine. Slc2al (GLUT1) was
the only glucose transporter with consistently and significantly increased mRNA
expression across all CF intestinal sections (Figure 3A-B, Supplemental Tables 1-4).
The fold change in the CF duodenum was lower compared to CF jejunum and ileum
and may account for the subtler, more variable elevation in glucose uptake seen in our
biodistribution studies (Figure 3B, Supplemental Table 1). More sensitive approaches,
including single cell RNA-Seq studies, confirm Slc2al (GLUT1) gene expression in
intestinal crypts and lower villi in WT small intestine and its differential localization from
canonical luminal glucose transporters (Figure 3C, Supplemental Figure S2) (11).

There was also decreased gene expression of canonical luminal absorption
glucose transporters (Slc2a2 [GLUTZ2], Slc5al [SGLT1]) in the CF jejunum, ileum, and
isolated crypts (Figure 3A, Supplemental Tables 2-4). It is unclear if these decreases in
gene expression translate into functional differences in luminal glucose absorption.
There is not thought to be prominent carbohydrate malabsorption in CF (22, 23).

Increased villi length, in addition to intestinal length, have been described in CF mouse

17
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models and may also account for no functional difference in luminal carbohydrate
absorption (24—26). While smooth muscle hypertrophy has been described in the CF
ileum, there were not substantial differences in Slc2a4 (GLUT4) mRNA expression, the
prominent muscle glucose transporter between WT and CF intestinal sections (Figure
3B) (24). There was not appreciable mRNA expression of Slc2al (GLUT1) in smooth
muscle, as described below, suggesting a model of increased glucose by the epithelium

and not the thickened smooth muscle.

Transcriptional enrichment of glycolysis in CF intestine

To determine if there were also differences in glucose metabolism, in addition to
the increased glucose uptake in the CF intestine, we revisited our RNA-Seq studies to
identify pathways of interest pertaining to glucose utilization. Numerous differentially
enriched pathways were identified in the CF intestine (Supplemental Figures S3-S6).
The glycolysis pathway was one of the top hits and enriched in the CF jejunum, ileum,
and isolated crypts (Figure 4A-B, Supplemental Figures S4-S6). More specifically, there
was significantly increased expression of most glycolytic genes with good concordance
across CF jejunum, ileum, and jejunal crypts samples (Figure 4D-E, Supplemental
Tables 2-4). Enrichment of glycolysis within the isolated crypts, suggests that the crypts
are contributing, at least in part, to the elevated glycolysis seen in the whole tissue.
There was not a statistically significant enrichment of the glycolysis pathway in the CF
duodenum compared to WT (Figure 4B). While only 2 genes from the glycolysis
pathway (Hk2 and Aldoa) were significantly increased in the CF duodenum, the

expression of the majority of glycolytic genes was increased in CF relative to the WT,

18



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

indicating there may be a similar, but more subtle effect in the duodenum (Figure 4D-E,
Supplemental Table 1). Additionally, there were numerous alterations in pathways
beyond glycolysis, which merit further investigation in subsequent work (Supplemental
Figures S3-S6). Overall, there is a transcriptional enrichment of the glycolysis pathway

in the CF intestine, particularly, the jejunum, ileum, and isolated crypts.

Increased GLUT1 and HK2 protein expression in CF intestinal tissue and isolated
crypts

To ascertain if the gene expression differences translated to protein level
differences, we assessed GLUT1 and Hexokinase2 (HK2) protein expression in both
intestinal isolated crypts and whole intestinal tissue. Increased GLUT1 expression was
seen in whole tissue and isolated crypts from the CF jejunum and ileum compared to
WT controls (Figure 5A,C). Similarly, increased HK2 expression was detected in the CF
jejunum and ileum whole tissue, in addition to isolated crypts (Figures 5B,D). Increased
GLUT1 and HK2 protein expression in the CF intestinal crypts may suggest an
increased glucose demand for the crypts themselves, in addition to the whole tissue. In
the duodenum, there was relatively similar GLUT1 expression in WT and CF whole
tissue and crypts with increased HK2 expression particularly evident in the CF crypts
(Figure 5A-D). These findings are consistent with the more variable glucose uptake and
less prominent gene expression changes seen in the duodenum. Conversely, more
pronounced increases in GLUT1 and HK2 protein expression were seen in the CF
jejunum and ileum where there was also greater enrichment of glycolytic gene

expression and more robust increases in glucose uptake.
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Increased functional glycolysis in CF intestine

Next, we sought to test functional differences in glycolysis. Basal extracellular
acidification rate (ECAR) was measured in WT and CF duodenum, jejunum, and ileum.
Lactate media levels were also quantified to confirm that the changes in ECAR were
coming from altered glycolysis (Figure 6G). No differences in oxygen consumption rates
(OCR) were found between WT and CF duodenum, jejunum, and ileum (Supplemental
Figure S7). However, further assay optimization is required to fully interrogate oxygen
consumption due to the presence of multiple possible substrate sources within the
assay media, which may compensate for additional impairments in macronutrient
metabolism and mitochondrial function.

Increased ECAR was seen in both CF jejunum and ileum samples compared to
WT controls (Figure 6C-F). Corresponding increases in lactate concentration were
observed in the media of CF jejunum and ileum samples compared to WT (Figure 6H).
Collectively, these findings of increased ECAR with corresponding lactate elevations
indicate an increase in functional glycolysis in CF jejunum and ileum-derived samples.
There were no differences in ECAR between WT and CF duodenum tissue samples
(Figure 6A-B). Additionally, there were similar media lactate levels between WT and CF
duodenum samples, indicating that there was not a difference in functional glycolysis
(Figure 6H). Overall, the most prominent increases in functional glycolysis were in the

CF jejunum and ileum, consistent with the glucose uptake and RNA-Seq findings.

Evidence of proliferative adaptations in CF intestine
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In order to assess the mechanisms underlying the increased intestinal glucose
uptake and metabolism phenotype in CF, we examined the morphologic features of the
CF intestine. Intriguingly, we observed significantly increased absolute and relative
intestinal length and weight in CF mice (Figure 7A-E). The difference in absolute
intestinal length was due to increased small intestine length in CF, which has also been
previously described in another CF mouse model (25). We also noted increased weight
of each part of small intestine in CF, in addition to increased gross diameter
(Supplemental Figure S8C-G). Increased intestinal diameter and length indicate an
increased intestinal surface area that is likely an adaptation to increase nutrient
absorption.

In addition to gross morphologic changes, we also assessed intestinal histology.
Increased crypt depth and villus length were observed throughout the CF small
intestines compared to WT (Figure 8 A-M). Smooth muscle thickness was increased in
the CF jejunum and ileum (Figure 8 M-N). The CF ileum had the most dramatic increase
in the smooth muscle thickness evident through the approximately 2-fold increase in the
smooth muscle to epithelial ratio compared to WT (Figure 8 M-N). The increased
smooth muscle thickness in the CF jejunum was statistically significant, but smaller in
magnitude compared to the changes in the ileum. There was no evidence of tissue

damage nor substantial immune cell infiltrates in the CF intestine.

Spatial detection of Slc2al and Hk2 in epithelia

To assess the spatial localization of Hk2 and Slc2al gene expression,

RNAscope was used to detect mMRNA from the respective genes (Figure 9 A-L,
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Supplemental Figure S9). In all intestinal sections, staining was most prominent in the
CF crypts and villi. More intense staining was evident in the CF jejunum and ileum
(Figure 9E-L). A slight increase in Hk2 and Slc2al expression can be seen in the CF
duodenal crypts (Figure 9 C-D). Staining of mRNA for either gene in smooth muscle of
all sections was nearly undetectable (Supplemental Figure S9). Taken together,
increased Slc2al and Hk2 expression was most apparent in the CF jejunum and ileum

and evident in both the crypt and villus regions.

Increased cell proliferation in CF intestines

Increased glycolysis could reflect energy demands of cell proliferation. As
smooth muscle, crypts and villi are enlarged in CF, intestinal tissue sections were
stained for the cell proliferation marker Ki67 (Figure 10A-F). Positively stained cells
were apparent in the crypts and lower villus regions with higher numbers in the CF

duodenum, jejunum and ileum, compared to WT, as shown in Figure 10G.

DISCUSSION

Herein, we report the novel findings of increased intestinal glucose uptake from
circulation and increased glycolysis in a CF mouse model through complementary
transcriptional, protein, and functional approaches. Increased in vivo glucose uptake
from circulation to the CF intestines was observed with the most robust increases
detected in the CF jejunum and ileum. GLUT1, as the only glucose transporter found to
be increased, likely mediates the observed elevated glucose uptake. Elevated glycolysis

was also seen on the transcriptional and functional levels in the CF jejunum and ileum.
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Importantly, the altered intestinal glucose metabolism was seen in the context of
hyperplastic histologic and morphologic changes in the CF intestine and suggestive of
increased intestinal glucose demand due to an adaptive response.

The intestine is a uniquely flexible organ capable of undergoing adaptive
changes depending on a variety of factors, including nutritional, hormonal, neural,
immune, mechanical, morphologic, and developmental stimuli within the intestinal
environment (27). Intestinal adaptations can be atrophic or proliferative in nature.
Mucosal atrophy occurs with starvation or the lack of luminal contents in the case of
total parenteral nutrition (27-29). Atrophic adaptations include decreased villus height,
crypt depth, surface area, in addition to decreased intestinal weight (27-29).
Conversely, proliferative adaptive responses arise as a compensatory mechanism to
impaired intestinal function (27). Proliferative adaptations have been described
following small bowel resection and malabsorptive bariatric surgeries, such as Roux-en-
Y Gastric Bypass (RYGB) surgery (15, 16, 27, 30). These adaptive responses are
comprised of increased villi length, crypt depth, and surface area (15, 27, 30). These
proliferative adaptive changes are similar to what has been described in the CF
intestine in this study and by others (24-26).

In particular, increased crypt depth, villus length, smooth muscle hypertrophy,
and goblet cell hyperplasia with preservation of tissue architecture have been
consistently documented in the ileum across multiple CF mouse models (24-26). Our
histology findings are in agreement with these established findings. Additionally, we
identified similar hyperplastic, histologic changes in the CF jejunum and to a lesser

extent in the duodenum. Increased small intestinal length and weight in CF were also
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552  observed. Overall, these morphologic and histologic changes are suggestive of a

553  proliferative adaptive response in the CF intestine.

554 The hyperplastic changes in the CF intestine were seen in the context of

555 increased intestinal glucose uptake from the circulation. We detected a consistent

556  pattern of increased Slc2al gene and GLUT1 protein expression in both CF intestinal
557 tissue and isolated crypts. GLUT1 is thought to be minimally expressed in the adult
558 small intestine in rodents and humans under basal conditions (15, 16, 20, 21). However,
559 intestinal GLUT1 expression is increased in various adaptive or pathologic states with
560 increased intestinal proliferation, such as following Roux-en-Y gastric bypass (RYGB)
561  surgery or gastrointestinal cancer (15, 16, 31-33). GLUT1 elevations in these conditions
562  similarly facilitate increased glucose uptake from the blood supply to intestine as we
563  observed in our study (15, 16, 33, 34). Thus, GLUT1 emerged as a strong candidate
564  transporter for mediating the increased intestinal glucose uptake from circulation in CF.
565 RNAscope further localizes the site of the effect to the epithelium.

566 Elevated glycolysis was also evident in the CF intestine, in addition to increased
567 glucose uptake. Transcriptional and functional increases in glycolysis were most

568 prominent in the CF jejunum and ileum where the increases in glucose uptake were
569  most robust. Increased glycolysis is a metabolic means of providing anabolic and

570  energetic substrates to facilitate increased proliferative demands (15, 35). Evidence of
571 increased glucose uptake and glycolysis was seen in both whole tissue and isolated
572 crypts. These findings suggest that the crypts partially contribute to the increased

573  glucose utilization in the CF intestine. Taken together, the increased glucose demand
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and glycolysis in the CF intestine reflect metabolic changes to maintain intestinal
homeostasis.

The CF intestine shares striking similarities with the proliferative intestinal
adaptations seen following RYGB surgery. RYGB is a surgical method that restricts
food intake and decreases nutrient absorption to promote weight loss through both
surgical reduction of the stomach and direct connection to the stomach. This new
stomach-jejunum connection is termed the “Roux limb.” Thus, ingested food bypasses
the majority of the stomach and duodenum and enters directly into the jejunum relatively
undigested. The duodenum is surgically connected to the Roux limb to create a
‘common limb” to deliver various digestive juices and pancreatic enzymes to ingested
food in the intersection of the limbs.

As in our study, RYGB surgery results in increased intestinal glucose uptake
from circulation seen with '®F-FDG imaging, increased mRNA and protein levels of
GLUT1 and HK2, increased gene and protein expression of glycolysis enzymes, and
hyperplastic morphologic and histologic intestinal changes (15, 34). These pro-
proliferative histologic changes and elevated glucose uptake and glycolysis are only
seen in the Roux and common limbs, which contain undigested food (15, 16).
Additionally, increases in proliferation markers, such as Ki67 and PCNA, have been
documented in the intestine following RYGB surgery and in CF (15, 16, 25, 26, 36).
With RYGB, the increased GLUT1 mediated intestinal glucose uptake and the
concomitant increases in glycolysis are necessary to maintain the anabolic and
energetic demands of increased proliferation and tissue mass following RYGB surgery

(15, 16). The increased intestinal glucose demand contributes, at least in part, to the
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decreased blood glucose seen following RYGB surgery (15, 34). While a Cystic
Fibrosis-Related Diabetes phenotype is not apparent in CF mice, there have been
reports of unexpected decreased circulating blood glucose in CF mouse models (26,
37). Our results suggest the CF intestine is similarly consuming a portion of this
circulating glucose. The many apparent parallels between the CF intestine and after
RYGB surgery suggest there may be similar increases in intestinal glucose demand and
adaptive responses.

While the exact mechanisms underlying intestinal proliferative adaptations are
still unclear, the presence of undigested food is thought to play a role after RYGB
surgery (15). Undigested food may also be of relevance in CF, albeit in a different
context. Decreased pancreatic exocrine function, defects in biliary system and function,
increased mucus production, altered pH, decreased digestive enzyme activity, smooth
muscle contractile dysfunction, dysmotility, and dysbiosis contribute to impaired
digestion and absorption in CF (2, 6, 7). We propose that these complex and
multifactorial digestive and absorptive defects in CF contribute to incomplete digestion
that creates an intestinal environment functionally similar to the undigested nutrients
following RYGB surgery. Thus, there is an adaptive need in CF to increase nutrient
absorption and allow for more time for digestion. Consequently, there is an adaptive
hyperproliferative response in the CF intestine. These adaptations include increased
crypt depth and villus length, in addition to increased intestinal length, diameter, and
weight to ultimately increase the absorptive surface area of the CF intestine.
Consequently, there is increased intestinal glucose demand to maintain proliferation

and intestinal homeostasis in CF.
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There are numerous alternative mechanisms for increased basolateral glucose
uptake and metabolism in the CF intestine that merit further investigation. These include
mitochondrial dysfunction, impaired lipid utilization, metabolic adaptations to
dysfunctional CFTR, decreased luminal carbohydrate absorption or diversion of dietary
glucose for other fates, microbiome differences, inflammation, hypoxic or stress
response, additional environmental factors, such as altered hormones and signaling
differences (17, 19, 38-40). While there is some existing supportive evidence for many
of these factors, the exact mechanisms and relevance pertaining to CF intestinal
disease remain unclear. Each alternative explanation merits further investigation as a
contributing factor to CF intestinal pathogenesis in its own right and in conjunction with
other potential mechanisms of disease. For instance, many uncertainties remain with
regards to the potential role and mechanisms of mitochondrial dysfunction in CF related
to electron transport chain complexes involved, cell type and tissue specificity, direct
role for CFTR in regulating mitochondrial homeostasis or indirect effect of dysfunctional
CFTR related to the CF environment (38, 41-43).

Similarly, increased glucose uptake and glycolysis by immune cells is another
possible alternative explanation. While mild, chronic inflammation is often described in
potential mechanisms of CF intestinal pathogenesis, the degree of inflammation, cell
types responsible, and sources still remain unclear (24, 26, 39, 44). Studies of the CF
mouse intestinal histology have reported differing findings with respect to immune cells.
Some groups show no evidence of significant immune infiltrates, while others report an
increased number of mast cells or neutrophils in the ileum (24, 26, 39). We did not see

evidence of significant immune infiltration or tissue injury on histologic evaluation. Our
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morphologic and histology findings in the context of the diffuse intestinal '*F-FDG
uptake in the CF intestine are comparable to the hyperplastic adaptive changes seen
following RYGB surgery, which are indicative of increased tissue mass and proliferation.
Importantly, our findings contrast with inflammation in the setting of IBD models, which
present with patchy, focal areas of increased intestinal '8 F_FDG uptake that directly
correspond to areas of substantial immune infiltrate and tissue injury on histology (17,
19). Taken together, the CF intestine more closely resembles the established
proliferative adaptive response and increased glucose demand seen after RYGB
surgery.

Our biodistribution, RNA-Seq, protein expression, and functional studies are in
agreement. Collectively, these approaches identified the most pronounced increases in
glucose uptake from the blood supply and glycolysis in the CF jejunum and ileum. It is
currently unclear why the glucose metabolism changes were less prominent in the CF
duodenum. The CF duodenum could have a greater reliance on other macronutrients to
maintain potential intestinal adaptations. Smooth muscle differences could also
contribute to differential glucose uptake in CF. Increased smooth muscle thickness was
observed in the CF jejunum and ileum. The smooth muscle layer was considerably
more pronounced in the CF ileum compared to the CF jejunum. Yet, similar magnitudes
of increased ECAR were observed in both regions. Furthermore, glycolytic gene
expression enrichment in isolated crypts and spatial data showing elevated expression
of Slc2al and HK2 in villi, along with increased GLUT1 and HK2 protein expression
suggests that intestinal epithelial cells contribute at least in part to the increased

glucose metabolism in CF. Smooth muscle differences may partially contribute to
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increased glucose uptake in the CF intestine, but are unlikely the driving force. Future
studies are necessary to assess regional specific intestinal adaptive mechanisms and
the contribution of multiple fuel sources. While there has been some early studies
exploring a direct role of CFTR in intestinal stem cells, more work is also needed to
determine how broader deficits in digestion and absorption in the context of the CF
environment also contribute to increased intestinal cell proliferation and disease
pathogenesis (25, 45, 46).

Our findings and proposed mechanism put forth a new perspective to studying
the intestinal manifestations of CF. Future work should determine the utility of '®F-FDG
imaging approaches for assessing intestinal disease in people with CF in relation to
intestinal symptoms and Gl cancer development. Additional efforts should explore how
proliferative intestinal adaptations and elevated glycolysis may also contribute to the
increased risk of gastrointestinal cancer in CF. Existing therapies may be insufficiently
targeting the extent of digestive and absorptive deficits in CF. Current modulator
therapy remains less effective for the gastrointestinal manifestations of CF and
additional therapeutic approaches that improve digestion and absorption may also
enhance modulator efficacy and uniformity in response. Taken together, our findings
improve our understanding of CF intestinal pathogenesis and set the foundation for
future work to elucidate additional disease mechanisms and novel therapeutic

approaches for treating the Gl manifestations of CF.

ACKNOWLEDGEMENTS

29



688

689

690

691

692

693

694

695

696

697

698
699

700

701

702

703

704

705

706
707

708

709

710

711

The authors would like to thank the Cystic Fibrosis Mouse Resource Center, in
particular Dr. Craig Hodges, Dr. Amanda Barabas, Sakeena Davis, and Molly
Schneider, for providing the animals used for this study. The authors also acknowledge
the assistance of the Case Western Reserve University School of Medicine Imaging
Research Facility and the support of the Case Western Reserve University School of
Medicine’s Research Institute for Children’s Health. Figure 4C and the graphical
abstract were created in BioRender (Lesser, A. ((2025))

https://BioRender.com/p29d101).

Funding statement

This work was supported by Cystic Fibrosis Foundation grants DRUMM24R0 (MLD)

and DRUMM22G0-GI (MLD), T32 GM152319 (AFL) and S100D03049901 (CAF).

Supplemental Material
Supplemental Figures 1-9, Supplemental Tables 1-4:

https://doi.org/10.6084/m9.figshare.29613872

Figure Legends:
Figure 1: Increased in vivo glucose uptake from the blood supply to CF intestine.

Quantification of '®F-FDG intestinal uptake from the blood supply in WT (n=7) and CF

(n=8) mice using PET/MRI (A). Representative images from CF (B) and WT mice (C).
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The heart is labeled in white with thin arrows and the intestine is labeled in yellow with
thick arrows. Data represent mean £ SEM. Comparisons between groups were
performed using a repeated measures two-way ANOVA with the Geisser-Greenhouse
correction. The p-value for genotype is displayed where p=0.0243, F (1, 13) = 6.489.

For time, p<0.0001, F (1.423, 19.92) = 67.91. * p<0.05.

Figure 2: Increased glucose uptake in CF jejunum and ileum. Biodistribution study
quantifying the radioactivity in the respective parts of the intestine normalized to wet
weight (A), wet weight with stool contents removed (B), dry weight (C), and radioactivity
(Mbq)/g dry weight (D) in WT (n=6-7) and CF (n=7-8) mice. Data represent mean +
SEM. Comparison between groups for each intestinal region were performed using an

unpaired, 2-tailed Student’s t test with Welch’s correction. * p<0.05, ** p<0.01.

Figure 3: Increased Sic2al (GLUT1) mRNA expression in CF intestine. Heatmaps
showing significant changes in gene expression (A) and Log2 Fold Change (B) for key
glucose transporter genes from RNA Sequencing (RNA-Seq) studies from WT and CF
duodenum, jejunum, ileum, and crypts isolated from the jejunum (Jej) (WT n=4-9, CF

n=5-9). UMAP (Uniform Manifold Approximation Projection) plots displaying single cell
RNA-Seq data from wildtype mouse small intestine using publicly available dataset for
select glucose transporter genes (C). Gray cells on the UMAP plots indicate that the

relevant transcript was not detected. Significance was defined as q<0.05 for RNA-Seq

studies.
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Figure 4: Enrichment of glycolysis pathway in CF jejunum, ileum, and isolated
crypts. Top 20 significantly increased pathways in the CF jejunum (A). Glycolysis
pathway enrichment from RNA-Seq studies of WT and CF duodenum, jejunum, ileum,
and isolated crypts from the jejunum (Jej) (WT n=4-9, CF n=5-9) (B). Glycolysis
pathway (C). Heatmaps showing significant changes in mRNA expression for glycolysis
genes (D) and Log2 Fold Change (E). Significance was defined as q<0.05 for gene
expression and corrected p<0.05 for pathway analysis from Kyoto Encyclopedia of
Genes and Genomes (KEGG), WikiPathways (WP), Reactome pathways, Reactome

reaction pathways, and GO biological process (GO BP) glycolysis related terms.

Figure 5: Increased GLUT1 and HK2 protein expression in CF jejunum, ileum, and
isolated crypts. Western blot analysis of GLUT1 and HK2 protein expression from
intestinal whole tissue (A,B) and isolated crypts (C,D) from duodenum, jejunum, and
ileum of WT (n=2) and CF (n=2) mice. The arrow indicates the expected HK2 band size

of 102 kDa.

Figure 6: Increased functional glycolysis in CF jejunum and ileum. Extracellular
Acidification Rate (ECAR) from duodenum (A-B), jejunum (C-D), and ileum (E-F) ex vivo
intestinal biopsy punches derived from WT (n=7-11) and CF (n=7-11) mice. Data
presented as average over the course of 10 measurements (A, C, E) and cumulative
average per mouse (B, D, F). Simplified glycolysis pathway (G). Media lactate
measurements from ex vivo intestinal biopsy punches presented as fold change relative

to wildtype within the respective intestinal regions from WT (n=6) and CF (n=6) mice
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(H). Data represent mean + SEM. Comparisons between groups were performed using
an unpaired, 2-tailed Student’s t test with Welch’s correction or using a repeated
measures two-way ANOVA with the Geisser-Greenhouse correction. For repeated
measurements, the p-value for genotype is displayed and was found to be p<0.0001, F
(1, 20) = 26.63 for the jejunum and p<0.0001, F(1, 12) = 56.06 for the ileum. There was
not a significant difference for genotype in the duodenum, p=0.2821, F (1, 12) = 1.268.
For time, F (1.017, 13.22) = 238.2, p<0.0001 for the duodenum, F (1.107, 23.24) =
2.910, p=0.0983 for the jejunum, and F (1.365, 17.74) = 6.047, p=0.0171 for the ileum. *

p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001.

Figure 7: Morphologic and histologic changes in the CF intestine. Intestine length
(A), intestinal wet weight (B), body weight (C) in WT (n=7-15) and CF (n=8-15) mice.
Intestinal length (D) and wet weight (E) normalized to body weight. Data represent
mean + SEM. Comparisons between groups were performed using an unpaired, 2-tailed

Student’s t test with Welch’s correction. ****p<0.0001.

Figure 8: Histologic changes in the CF intestine. Representative images of WT and
CF intestinal histology for duodenum (A-D), jejunum, (E-H), and ileum (I-L).
Quantification of villi length, crypt depth, and smooth muscle thickness from intestinal
histology samples from WT (n=13) and CF (n=21) mice (M). Smooth muscle to epithelial
ratio where epithelial is defined as the sum of villi length and crypt depth (N). Data
represent mean + SEM. Comparisons between groups were performed using an

unpaired, 2-tailed Student’s t test with Welch’s correction. ***p<0.001.
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Figure 9: Increased Sic2al (GLUT1) and Hk2 mRNA expression in the CF
intestine. Representative RNAscope images from WT and CF duodenum (A-D),
jejunum (E-H), and ileum (I-L). Representative images include both intestinal villi (A-B,

E-F, I1-J) and crypts (C-D, G-H, K-L) for each segment.

Figure 10: Increased Ki67 positive cells in the CF intestine. Representative images
from WT and CF duodenum (A-B), jejunum (C-D), and ileum (E-F). Quantification of
Ki67 positive cell counts per 10X magnification field from WT (n=6) and CF (n=5) mice
(G). Data represent mean £ SEM. Comparisons between groups were performed using
an unpaired, 2-tailed Student’s t test with Welch'’s correction. *p<0.05. ** p<0.01,

****p<0.0001.
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