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SUMMARY
Hexokinases (HK) catalyze the first step of glycolysis limiting its pace. HK2 is highly expressed in gut epithe-
lium, contributes to immune responses, and is upregulated during inflammation. We examined the microbial
regulation of HK2 and its impact on inflammation usingmice lacking HK2 in intestinal epithelial cells (Hk2DIEC).
Hk2DIEC mice were less susceptible to acute colitis. Analyzing the epithelial transcriptome from Hk2DIEC mice
during colitis and using HK2-deficient intestinal organoids and Caco-2 cells revealed reduced mitochondrial
respiration and epithelial cell death in the absence of HK2. Themicrobiota strongly regulated HK2 expression
and activity. Themicrobially derived short-chain fatty acid (SCFA) butyrate repressedHK2 expression via his-
tone deacetylase 8 (HDAC8) and reduced mitochondrial respiration in wild-type but not in HK2-deficient
Caco-2 cells. Butyrate supplementation protected wild-type but not Hk2DIEC mice from colitis. Our findings
define a mechanism how butyrate promotes intestinal homeostasis and suggest targeted HK2-inhibition as
therapeutic avenue for inflammation.
INTRODUCTION

Hexokinases (HK) catalyze the first step of glycolysis and thereby

limit the rate of this fundamental biological process. HK2 is

considered the prototypic inducible isoform of all HK family

members as it can be upregulated by various environmental fac-

tors and signaling pathways, e.g., during inflammation and in

inflammatory bowel disease (IBD) (Everts et al., 2014; Perrin-Co-

con et al., 2018; Taman et al., 2018). In addition to its metabolic

function, HK2 acts as a receptor for bacterial cell wall compo-
Cell Metab
nents (Wolf et al., 2016) and has been suggested to counteract

mitochondria-mediated cell death (Machida et al., 2006). Chem-

ical inhibition of HK impairs immune cell activation and promotes

infection by Listeria monocytogenes in immune cells (Li et al.,

2019), whereas hyperglycemia and high glycolytic flux have

been associated with an increased risk of enteric infection in in-

testinal epithelial cells (Thaiss, et al., 2018). However, complete

ablation of HK2 is embryonically lethal (Heikkinen, et al., 1999).

In the intestine, Hk2 is predominantly expressed by intestinal

epithelial cells (IECs) (Sommer et al., 2015; Tabula Muris et al.,
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2018). Therefore, we aimed to investigate whether selective

ablation of HK2 in IECs alters epithelial function during intestinal

inflammation. Here we show that (1) loss of HK2 in IECs protects

from dextran sodium sulfate (DSS)-induced colitis by decreasing

inflammation-induced epithelial cell death and that (2) specific

bacterial species and the microbial metabolite butyrate amelio-

rate colitis by repressing Hk2 expression.

RESULTS

Loss of HK2 in the intestinal epithelium protects from
colitis
To determine the role of epithelial HK2 for intestinal inflamma-

tion, we generated Hk2fl/fl-Villin::Cre+ mice lacking HK2 specif-

ically in IECs, hereinafter referred to as Hk2DIEC mice. We used

littermate Hk2fl/fl mice, hereinafter referred to as WT mice, as

controls. Unchallenged Hk2DIEC mice did not display any major

inflammatory or metabolic phenotype except for an improved

glucose tolerance (Figure S1), compared to littermate controls.

However, whenHk2DIECmice and their WT littermates were chal-

lenged with DSS to induce intestinal inflammation, Hk2DIEC mice

lost significantly less weight compared to WT littermates (Fig-

ure 1A). The disease activity index (DAI)—a measure of intestinal

inflammation comprised of weight loss, stool consistency, and

fecal blood occurrence—confirmed the ameliorated disease

course in Hk2DIEC mice (Figure 1B). Additionally, Hk2DIEC mice

displayed lower serum levels of the pro-inflammatory cytokine

KC/CXCL1 as measured by ELISA (Figure 1C). Histological eval-

uation of H&E-stained colon sections demonstrated a reduced

score consisting of transmural inflammation, crypt hyperplasia,

epithelial injury, and polymorphonuclear and mononuclear cell

infiltrates in Hk2DIEC mice (Figure 1D). In WT mice, HK2 levels

increased during the course of colitis (Figure 1E; Figure S2I).

We therefore investigated whether Hk2 expression is dysregu-

lated in patients suffering from intestinal inflammation by evalu-

ating expression data frommucosal biopsies of patients that had

been made available alongside published articles on public da-

tabases in processed format (read counts). In pediatric IBD

HK2 was significantly upregulated in biopsies of IBD patients

in comparison to healthy controls (Haberman et al., 2014; Mari-

gorta et al., 2017). Both pediatric Crohn’s disease (CD) and ul-

cerative colitis (UC) patients showed an upregulated expression

of HK2; however in CD patients HK2 expression was more

enhanced (Figures 1F and 1G). Similarly, adult patients suffering

from IBD and non-IBD-colitis (NIC) generally showed a higher

HK2 expression than healthy patients (Figure 1H; H€asler et al.,

2017; Quraishi et al., 2020; Weiser et al., 2018). A significantly

higher HK2 expression was observed for UC (Quraishi et al.,

2020) and in the inflamed mucosa of CD patients in comparison

to healthy controls (H€asler et al., 2017). Interestingly, also pa-

tients with primary sclerosing cholangitis (PSC) showed a higher

expression of Hk2 in IECs indicating a possible correlation be-

tween Hk2 and IBD-associated diseases (Figure 1I; Quraishi

et al., 2020).

Ablation of HK2 protects from cell death and
dysregulates mitochondrial function
To decipher the molecular mechanisms protecting Hk2DIEC mice

from intestinal inflammation, we isolated IECs from WT and
2356 Cell Metabolism 33, 2355–2366, December 7, 2021
Hk2DIEC mice on day 0 (baseline), 3 (early inflammation) and 7

(late inflammation) from an independent acute DSS experiment

and performedRNA sequencing.While we did not find any differ-

entially expressed genes on day 3, we identified 420 differentially

expressed genes on day 7 in comparison between WT and

Hk2DIEC mice (Figure S3 and Table S1). Gene Ontology (GO)

analysis of these differentially expressed genes revealed a

downregulation of genes involved in cell death signaling and

regulation of mitochondrial membrane permeability in Hk2DIEC

mice (Figure 1J). We confirmed a reduction of cell death in

Hk2DIEC mice by terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL)-staining of colon sections from day

3 and day 7 of the experiment. In accordance with our transcrip-

tomics data, we found fewer TUNEL-positive cells in the tip

compartment of colonic crypts in Hk2DIEC mice at day 3 and 7,

indicating less cell death (Figure 1K). This finding coincides

with the spatial expression profile of HK2, which is mainly

restricted to the colonic epithelial tip (Figure S1N).

To further study the molecular processes involved in HK2-

dependent protection from inflammation, we generated

intestinal organoids derived from Hk2DIEC and WT mice and

investigated their response to stimulation with tumor necrosis

factor (TNF). Western blot analysis demonstrated higher HK2

levels upon TNF stimulation (Figure 2A). Organoids derived

from Hk2DIEC mice exhibited lower levels of cleaved Caspase

3 and Poly(ADP-Ribose)-Polymerase 1 (PARP1), markers for

mitochondria-related types of cell death, compared to WT or-

ganoids upon TNF stimulation. This data therefore supported

reduced levels of cell death in the absence of HK2 under in-

flammatory conditions. Furthermore, our transcriptome data

suggested dysregulated mitochondrial function as a conse-

quence of loss of HK2. We therefore performed metabolic

flux analysis using Seahorse technology. As the 3D structure

of organoids limits their use in this assay, we generated a

Caco-2 cell clone lacking HK2 using the CRISPR Cas9 system,

hereinafter named Caco-2DHk2. We assessed glycolytic flux by

measuring the extracellular acidification rate (ECAR) upon addi-

tion of glucose to induce glycolytic flux, oligomycin to stress

the glycolytic reserve, and 2-desoxyglucose to inhibit glycol-

ysis. Throughout the entire experiment, we did not observe

any significant changes between Caco-2DHk2 and Caco-2WT

cells, indicating that ablation of HK2 did not affect glycolytic

function (Figure 2B). We also measured the basal oxygen con-

sumption rate (OCR), which comprises both mitochondrial and

non-mitochondrial oxygen consumption. Interestingly, we

discovered significantly lower basal mitochondrial respiration

as well as a drastically lower maximal mitochondrial respiration

in Caco-2DHk2 cells compared to Caco-2WT cells (Figure 2C),

indicating impairment of the mitochondrial electron transport

chain (ETC) in Caco-2DHk2 cells. Importantly, various groups

reported that activities of the ETC including Complex I

and the regulation of mitochondrial permeability are correlated

in cellular metabolism (Beutner et al., 2017; Bonora and Pinton,

2014; Briston et al., 2017; Li et al., 2012; Weiss et al., 2003). We

therefore screened our transcriptome data for differentially ex-

pressed genes that are involved in regulation of mitochondrial

membrane permeability. Indeed, we observed a downregula-

tion of genes that play a role in the regulation of mitochondrial

permeability in HK2-deficient conditions using transcriptome
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Figure 1. Loss of HK2 in the intestinal epithelium protects from colitis

(A) Body weight loss of WT andHk2DIEC mice lacking HK2 in intestinal epithelial cells during DSS-induced colitis. *p < 0.05 and **p < 0.01WT versusHk2DIEC mice

using two-way ANOVA.

(B) Disease activity index (DAI) consisting of stool consistency, fecal blood occurrence, and body weight loss. *p < 0.05 and **p < 0.01 WT versus Hk2DIEC mice

using two-way ANOVA.

(C) KC/CXCL1 (pro-inflammatory cytokine) levels in serum of WT and Hk2DIEC mice as determined by ELISA. *p < 0.05 using Mann-Whitney U test.

(D) Histological score of H&E-stained sections from colon of WT and Hk2DIEC mice including representative images of the experimental groups. The scale bar

represents 500 mm. *p < 0.05 using Mann-Whitney U test.

(E) Relative HK2 protein expression during the course of DSS-induced colitis in colon epithelium of WT mice as determined by immunohistochemistry. **p < 0.01

versus D0 using one-way ANOVA.

(F–I) Hk2 expression is dysregulated in intestinal mucosal biopsies of pediatric (F and G) and adult (H and I) patients with inflammatory bowel disease (IBD)

irrespective of disease type Crohn’s disease (CD) or ulcerative colitis (UC). Note that the y-axes in the panels show both raw and normalized read counts. (F) Hk2

expression in healthy controls (HC, n = 60) or treatment-naive pediatric IBD patients (n = 210). Data from Marigorta et al., 2017. ****p value < 0.0001 using Mann-

Whitney U test. (G) Hk2 expression in HC (n = 42) or treatment-naive pediatric patients with CD (n = 174), UC (n = 38) or combined as IBD (n = 212). Data from

Haberman et al., 2014. **p < 0.01 and ****p < 0.0001 using one-way ANOVA. (H)Hk2 expression was determined in inflamed and non-inflamed intestinal mucosal

biopsies from adult patients with CD, UC, or non-IBD Colitis (NIC) by RNA-seq. n = 4–6 per group. *p < 0.05. (I) Hk2 expression in HC (n = 40) and adult patients

with UC (n = 40) or PSC (n = 40). Data from Quraishi et al., 2020. ****p < 0.0001 using one-way ANOVA.

(J) Gene ontology terms enriched in up- and downregulated genes in transcriptomes of colonic IEC isolated fromHk2DIEC compared toWTmice sacrificed on day

7 of DSS colitis.

(K) Fewer apoptotic cells per colon crypt in Hk2DIEC mice as determined by TUNEL assay including representative images. The scale bar represents 50 mm.

*p < 0.05 using two-way ANOVA. Data are presented as means ± SEM.

ll
Article
sequencing and GO analysis (Figures 1J and S3). Particularly,

we observed a downregulation of mRNA levels of Ppif (pep-

tidyl-prolyl cis-trans isomerase), encoding for a main compo-

nent of the mitochondrial permeability transition pore (MPTP)

in IECs of Hk2DIEC mice on day 7 of colitis (Figure 2D). PPIF co-

ordinates mitochondrial permeability and metabolism (Baines

et al., 2005; Basso et al., 2005; Nakagawa et al., 2005; Schinzel

et al., 2005) and has been suggested to directly interact with
HK2 to suppress cell death (Machida et al., 2006). To validate

our in vivo findings and transcriptome data, we stimulated

Caco-2DHk2 and Caco-2WT cells with TNF and IL17A (Straus,

2013) as well as with IFN-b to induce inflammatory responses

and cell death. Indeed, Ppif expression was downregulated un-

der both conditions (Figure 2E). Based on our findings and

since PPIF interacts with HK2 (Machida et al., 2006) and

Ppif�/� mice are less susceptible to colitis (Zhu et al., 2016),
Cell Metabolism 33, 2355–2366, December 7, 2021 2357
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Figure 2. Dysregulated mitochondrial function in response to loss of HK2

(A) Western blot analysis protein lysates of intestinal organoids raised from WT and Hk2DIEC mice after stimulation with 100 ng/mL TNF for 24 h.

(B and C) Metabolic analysis of Caco-2WT andHk2-deficient Caco-2DHk2 cells using the Seahorse XF analyzer. *p < 0.05 and ****p < 0.0001WT versusDHk2 using

two-way ANOVA. (B) The extracellular acidification rate (ECAR) reflects the glycolytic flux (ns = non-significant). (C) The oxygen consumption rate (OCR) indicates

mitochondrial respiration, which was impaired due to loss of HK2. *p < 0.05, ****p < 0.0001.

(D) Epithelial Ppif expression was downregulated in Hk2DIEC compared to WT mice during the course of DSS-induced colitis (days 0, 3, and 7) as determined by

RNA sequencing (normalized read counts). **p < 0.01 WT versus Hk2DIEC using two-way ANOVA.

(E) Reduced Ppif expression asmeasured by qPCR in Caco-2DHk2 compared to Caco-2WT cells upon 24 h stimulation with TNF (100 ng/mL) and IL17A (50 ng/mL)

or with IFN-b (50 ng/mL) to induce inflammation. **p < 0.01 WT versus DHk2 using two-way ANOVA. Data are presented as means ± SEM.
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we propose that mechanistically the HK2-dependent protection

from intestinal inflammation could potentially be mediated by

lower levels of PPIF and a subsequent decrease in MPTP open-

ing and mitochondrial membrane permeability.

The intestinal microbiome regulates HK2 expression
Dysregulated host-microbiota interactions are a key element of

intestinal inflammation (Sommer and B€ackhed, 2013). By

comparing the transcriptomes of intestinal epithelial cell frac-

tions isolated from germ-free (GF) and conventionally raised

(CR) C57BL6/J mice (Sommer et al., 2015), we identified Hk2

as significantly upregulated by the presence of a complex mi-

crobial community. Hk2 expression was specifically induced

in the epithelial tips of both ileum and colon by the microbiota

(Figure 3A). Upon colonization of GF mice with a normal micro-

biota Hk2 expression increased and normalized to that of CR

mice, demonstrating that the intestinal microbiota stimulates

Hk2 expression (Figure 3B). However, although we were able

to show a distinct effect of the microbiota on Hk2 expression,

ablation of HK2 in IECs in turn did not impact the composition

of the intestinal microbiota as assessed by 16S rRNA amplicon

sequencing under basal unchallenged conditions (Figure S4).

Next, we investigated how the microbiota regulates epithelial
2358 Cell Metabolism 33, 2355–2366, December 7, 2021
Hk2 expression, specifically whether specific bacterial species

modulate Hk2 expression. To that end, we colonized GF

C57BL6/J mice with either single bacterial species or minimal

consortia—namely the Altered Schaedler Flora (ASF) (Dewhirst,

et al., 1999) and the Oligo Mouse Microbiota (OMM) (Brugiroux

et al., 2016). Both minimal microbial consortia readily induced

Hk2 expression to a similar level as observed in CR mice (Fig-

ure 3C). Mono-colonization with the Gram-negative bacterium

Bacteroides thetaiotaomicron was also able to induce Hk2

expression, whereas the Gram-negative bacterium Escherichia

coli and the Gram-positive bacterium Bifidobacterium longum

did not alter Hk2 mRNA levels (Figure 3C). Together, these

data suggested a specific interaction between bacterial fea-

tures and epithelial cells rather than general principles such

as recognition of lipopolysaccharide or peptidoglycan as a

mechanism regulating HK2 expression. We thus next aimed

to disentangle the effects of individual OMM bacteria to identify

potential candidate principles regulating Hk2 expression. To

that end, we stimulated Caco-2 cells with sterile-filtered culture

supernatants of the individual species of the OMM consortium.

We identified Enterococcus faecalis KB1 as the key inducer

among this minimal microbiota (Figure 3D). Clostridium innoc-

uum I46 and Flavonifractor plautii YL31, both well-known
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Figure 3. The microbiota regulates HK2

(A andB)Hk2 expression in crypts and tips of ileum and colon of (A) germ-free (GF) and conventionally raised (CR)mice and (B) during colonization of GFmicewith

a normal microbiota. ****p < 0.0001 GF versus CR using moderated t test with FDR correction. # p < 0.001 GF versus d1 or d3 or d5 or d7 using one-way ANOVA.

(C) Hk2 expression in GF mice and those mono-colonized with the single bacteria Bacteroides thetaiotaomicron (Gram�), Escherichia coli (Gram�) or Bifido-

bacterium longum (Gram+) or the minimal microbiomes ASF (Altered Schaedler Flora) and OMM (Oligo-Mouse-Microbiota). *p < 0.05, **p < 0.01 and

****p < 0.0001 versus GF using one-way ANOVA.

(D) Relative Hk2 expression in Caco-2 cells stimulated with sterile-filtered culture supernatants of the OMM species grown in vitro. The used strains were:

Acutalibacter muris KB18, Akkermansia municiphila YL44, Bacteroides ceacimuris I48, Bifidobacterium animalis YL2, Blautia coccoides YL58, Enterocloster

clostridioforme YL32, Clostridium innocuum I46, Enterococcus faecalis KB1, Flavonifractor plautii YL31, Limosilactobacillus reuteri I49,Muribaculum intestinale

YL27. **p < 0.01 and ***p < 0.001 versus Medium using one-way ANOVA.

(E) Metabolic modeling of the production of acetate, butyrate, and propionate by the individual OMM bacteria based on their published genome information and

the used in-vitro growth conditions, and correlation of metabolite production with Hk2 expression. R denotes the Pearson correlation coefficient.

(F) Prediction of linear models incorporating the acetate, butyrate, and propionate levels to explain the observed changes in Hk2 expression upon stimulation of

Caco-2 cells with the bacterial culture supernatants, shown in (D).

(G) SCFA levels quantified in culture supernatants of single OMM bacteria, which were used to stimulate Caco-2 cells, shown in (D).

(H) RelativeHk2 expression in Caco-2 cells stimulated with themicrobial metabolites acetate and butyrate (10mMeach for 24 h). *p < 0.05 versus PBS using one-

way ANOVA.

(I) Relative Ppif expression in Caco-2 cells stimulated with butyrate. ****p < 0.0001 versus PBS using one-way ANOVA.

(J) Feeding WT mice a butyrate-enriched diet reduced HK2 protein expression in colonic epithelium as measured by immunohistochemistry. *p < 0.05 versus

CTRL diet using one-way ANOVA. Data are presented as means ± SEM.
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producers of short-chain fatty acids (SCFA) (Braune and Blaut,

2016), significantly reduced Hk2 expression (Figure 3D). Hk2

expression increases along the intestinal tract (Figure S5), coin-
ciding with an increasing bacterial load and reaches its highest

expression in the colon (Larsson et al., 2012), the main site of

bacterial fermentation (Sommer and B€ackhed, 2016). As other
Cell Metabolism 33, 2355–2366, December 7, 2021 2359
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fatty acids such as palmitic acid can inhibit HK activity (Mogi-

lenko et al., 2019; Weber et al., 1966), we hypothesized that

SCFAs could drive the regulation of Hk2 expression. To test

this hypothesis, we generated individual metabolic models pre-

dicting the SCFA synthesis potential for each OMM member

(Figure 3E). A linear model of the predicted Hk2 expression

based on the butyrate and acetate levels significantly corre-

lated with the experimental Hk2 expression determined by

qPCR (p value = 0.008, Pearson R = 0.75, R2 = 0.56, AIC =

�8.0; Figure 3F; Table S2). The predicted SCFA levels in the

OMM culture supernatants were validated by targeted

metabolomics (Figure 3G). We next stimulated Caco-2 cells

with butyrate and acetate and found that acetate upregulated,

whereas butyrate downregulated Hk2 expression (Figure 3H).

We then tested whether stimulation of Caco-2 cells with

butyrate also affected Ppif expression. Indeed, butyrate also

downregulated the expression of Ppif (Figure 3I). Together

these data suggested that the microbial metabolite butyrate

could potentially protect from inflammation via HK2- and

PPIF-mediated changes in mitochondrial function and cell

death. We therefore tested whether dietary supplementation

of butyrate also functions in vivo to downregulate HK2 levels.

We fed a butyrate-enriched diet to WT mice for 10 days and

quantified HK2 levels in colon sections by immunohistochem-

istry, which demonstrated a clear downregulation of HK2

(Figure 3J).
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The microbial metabolite butyrate ameliorates
intestinal inflammation by downregulating HK2
We then set out to test whether the SCFA-dependent modulation

of HK2 levels also impacts colitis outcome. Therefore, we sup-

plemented Hk2DIEC mice and their WT littermates with three

different diets—a control diet, a butyrate-enriched diet, or an ac-

etate-containing diet—and induced colitis by performing the

DSS colitis model as before. Indeed, in WT mice dietary supple-

mentation of butyrate ameliorated colitis, which was evident by a

significantly lower weight loss (Figure 4A), lower DAI (Figure 4B),

lower serum levels of KC/CXCL1 (Figure 4C), fewer TUNEL-pos-

itive epithelial cells (Figure 4D), and a trend toward lower

histological inflammation score (Figure 4E). In contrast, acetate

supplementation worsened colitis outcome as evident by a

significantly increased weight loss (Figure 4A) and a higher DAI

(Figure 4B), which even led to premature termination of this

experimental group for ethical reasons on day 8. Butyrate sup-

plementation lowered colonic HK2 levels in WT mice (Figure 4F).

In Hk2DIEC mice, treatment with butyrate did not impact colitis

outcome as measured by weight development, DAI, serum

KC/CXCL1 levels, TUNEL-positive epithelial cells, or histological

score (Figures 4A–4E and S6). Together these data therefore

demonstrate that ablation of HK2 in the intestinal epithelium

completely blunted the butyrate-dependent effects on colitis.

We then tested whether butyrate treatment modulates mito-

chondrial function dependent on the HK2 status. To that end
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we pre-treated Caco-2DHk2 and Caco-2WT cells with butyrate

and measured mitochondrial respiration using Seahorse anal-

ysis. Indeed, butyrate lowered the basal andmaximal respiration

inWT- but not in HK2-deficient Caco-2 cells (Figure 5), which not

only matched the reduction of both basal and maximal respira-

tion after loss of HK2 but also correlates with the protective ef-

fects of butyrate only in WT but not in Hk2DIEC mice during

DSS colitis.

HDAC8 mediates the repression of HK2 by butyrate
SCFAs are well-known for their pleiotropic effects on host physi-

ology including intestinal motility, inflammation, and carcinogen-

esis (Koh et al., 2016). Regarding colitis, acetate was shown to

exacerbate (Maslowski et al., 2009), whereas butyrate amelio-

rates (Chang et al., 2014; Furusawa et al., 2013; Singh et al.,

2014) inflammation. Butyrate is produced by the metabolic activ-

ity of the colonic microorganisms through fermentation of dietary

fiber (Louis et al., 2004).Mechanistically, butyrate is sensed by the

G protein-coupled receptors GPR41 (FFAR3) (Brown et al., 2003;

De Vadder et al., 2014), GPR43 (FFAR2) (Brown et al., 2003; Le

Poul et al., 2003; Nilsson et al., 2003; Sina et al., 2009), and

GPR109a (HCAR2) (Macia et al., 2015; Singh et al., 2014), which

could trigger a signaling response leading to reducedHk2 expres-

sion. Combined silencing of these GPRs by siRNAs did not alter

repression ofHk2 expression by butyrate in Caco-2 cells (Figures

6A and 6B), which argues against a prominent role of theseGPRs.

Alternatively, butyrate also directly acts on histone deacetylases

(HDACs) (Koh et al., 2016), which function as epigenetic regula-

tors and thereby could impact on Hk2 expression. Using either

a pan-HDAC inhibitor or class-specific inhibitors, we found that

blocking all HDACs or only class I HDACs (HDACs 1, 2, 3, and 8

together) abolished the repression of Hk2 expression by butyrate

(Figure 6C). We then investigated the role of the individual class I

HDACs by using single HDAC enzyme-specific inhibitors. Individ-

ual inhibition of HDAC1 or HDAC2 or HDAC3 by enzyme-specific

inhibitors did not impact the repression of Hk2 expression by

butyrate, whereas an HDAC8 inhibitor abolished the transcrip-

tional repression of Hk2 by butyrate (Figure 6C), which argues

for a specific role of HDAC8 (a class I HDAC) in mediating the

butyrate-dependent regulation of Hk2.

Taken together, our study revealed a novel regulatory circuit

consisting of intestinal epithelial HK2 and the microbial metabo-

lite butyrate. We found that ablation of HK2 protects from colitis

by suppression of cell death that was linked to altered mitochon-
Cell Metabol
drial function, which could be due to PPIF-

dependent opening of the MPTP. More-

over, we identified the intestinal microbiota
and its metabolite butyrate as potent regulators of HK2, and we

demonstrated that the protective effect of dietary butyrate sup-

plementation is dependent on the functional presence of HK2.

Previous studies already pointed toward a beneficial function

of butyrate-producing bacteria for a healthy intestine and pre-

vention of gut inflammation (Aden et al., 2019; Effenberger

et al., 2021; Imhann et al., 2018; Lloyd-Price et al., 2019; Parada

Venegas et al., 2019; Sommer et al., 2017), and clinical trials us-

ing oral supplementation of germinated barley foods that are fer-

mented into SCFA by the microbiota or rectal enema with buty-

rate indeed demonstrated beneficial effects in ulcerative colitis

patients (Breuer et al., 1991; Mitsuyama et al., 1998). Our find-

ings therefore shed light on the molecular mechanism how buty-

rate mediates its beneficial effects and may guide the develop-

ment of more specific therapeutic options by targeting HK2.

DISCUSSION

HK2 functions as the main inducible HK isoform. Deleting HK2 in

the entire body is embryonically lethal, but heterozygous Hk2+/�

micewith a 50% reduction inHk2 are viable and have someminor

physiological abnormalities (Fueger et al., 2003; Smeele et al.,

2011; Wu et al., 2012) yet do not show an altered glucose meta-

bolism (Heikkinen et al., 1999).We usedmicewith an IEC-specific

conditional knockout of HK2, an isoform of a major glycolytic

enzyme, and one could have expected a negative impact on in-

testinal epithelial or organismal metabolism and viability. Howev-

er, we observed no differences in cell turnover or cell death under

basal conditions (Figures S1L and S1M), nor did we observe any

indications of a general energy deficiency inHk2DIECmice such as

a growth deficiency or lower levels of adipose tissue (Figures S1A

and S1E). Moreover, we also did not observe any changes in

glycolytic activity using Seahorse analyses in HK2-deficient

Caco-2 cells (Figure 2B). Our findings are in line with data from

Hk2+/� mice that also do not exhibit any metabolic impairments

(Heikkinen et al., 1999). Alternatively, other HK family members,

especially HK1, could potentially compensate for the loss of

HK2. Furthermore, intestinal epithelial HK2 may not contribute

heavily tobloodglucose levels under basal conditions (FigureS1J)

but only under stress, e.g., inflammatory challenge. We did, how-

ever, observe a mildly improved glucose tolerance in Hk2DIEC

mice (Figure S1J). If and how the selective intestinal epithelial

ablation of hexokinases can affect intestinal or organismal meta-

bolism will be interesting to address in further studies.
ism 33, 2355–2366, December 7, 2021 2361
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The exact composition of the MPTP is unclear to date (Baines

and Gutiérrez-Aguilar, 2018). Earlier studies suggested the

adenine nucleotide transporter (ANT), a voltage-dependent

anion channel (VDAC), and PPIF to be main components of the

MPTP (Baines et al., 2005). However, more recent publications

with gain- and loss-of-function experiments questioned a critical

involvement of these proteins in the MPTP (Baines and Gutiér-

rez-Aguilar, 2018). In contrast, inhibition of PPIF has been shown

to reduce MPTP opening (Nederlof et al., 2017), thus supporting

a key function of PPIF for regulating the MPTP. Here, we did not

observe any changes in genes encoding components of VDAC

or ANT expression within our RNA sequencing data following

the loss of HK2. We, however, found that in HK2-deficient IECs

Ppif expression was significantly downregulated under inflam-

matory conditions (Figure 2D). An interaction between PPIF

and HK2 has been described previously (Machida et al., 2006;

Nederlof et al., 2017). Yet, it is not known to date how these pro-

teins exactly interact with each other. It was suggested that the

detachment of HK2 from the outer mitochondrial membrane can

induce MPTP-mediated cell death and that mitochondrial bind-

ing of HK2 prevents cell death (Machida et al., 2006). This is in

line with our findings that HK2-deficient epithelial cells show

reduced cell death under inflammatory conditions (Figures 1G

and 1H) as well as reduced mitochondrial respiration (Figures

2C and 5). It will be important to assess the molecular composi-

tion of theMPTP and howHK2 and/or PPIF potentially contribute

to opening of the MPTP in detail in future studies.

We report that Hk2 expression is induced in CR compared to

GF mice (Figures 3A and 3B) but also that the microbial metab-

olite butyrate repressed Hk2 expression both in vitro and in vivo

(Figure 3). This may seem contradictory as butyrate is a well-

known product of the normal colonic microbiota. CR mice

have more than 100-fold higher SCFA levels than GF mice, but
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the by far most abundant SCFA is acetate (Høverstad et al.,

1985; Krautkramer et al., 2016). Here, we also report that acetate

stimulated Hk2 expression and, thus, we conclude that the high

acetate production is most likely a main driver for the observed

induction of Hk2 by the bulk intestinal microbiome in CR mice.

Apart from the action of SCFAs, there are also many other phys-

iological differences between GF and CR mice (Sommer and

B€ackhed, 2013) that may contribute to the overall microbial in-

duction of Hk2 expression. As a plethora of bacterial species

can produce SCFAs by fermentation of dietary fiber, potentially

more bacterial species than those identified here might have

the ability to regulate Hk2 expression. Reductions of the

SCFA-producing bacteria have been associated with various in-

flammatory and metabolic disorders. Therefore, further studies

are warranted to elucidate the exact role of bacteria and SCFAs

in targeting HK2 in other inflammatory and metabolic diseases.

Finally, we provide first evidence of a novel regulatory circuit

between butyrate andHk2 in intestinal inflammation. By analyzing

expression data frommucosal biopsies of 646 human patientswe

found that Hk2 was upregulated irrespective of the type of intes-

tinal inflammation (CD, UC, NIC; Figures 1F–1I). However, Hk2

has not been described previously as a risk gene for IBD. There-

fore, the association ofHk2with intestinal inflammation should be

explored further in upcoming studies. We have performed all in-

terventional experiments such as butyrate supplementation in an-

imal models and not in humans and therefore emphasize the pre-

clinical nature of our study. Earlier studies have already tested oral

and rectal butyrate supplementation in IBD patients (Di Sabatino

et al., 2007; Di Sabatino et al., 2005; Scheppach et al., 1992), but

these studies were low in sample size and also faced technical

challenges (no blinded distribution) due to the olfactory properties

and side-effects of butyrate. Our findings shed light on themolec-

ular mechanism how butyrate mediates its beneficial effects and
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therefore may guide the development of more specific therapeu-

tic options by targeting HK2.

Limitations of study
Our study was conducted exclusively in male mice. Although we

did not observe any obvious gender-specific physiological

differences in unchallenged Hk2DIEC mice, there may be a

possibility of differential responses under stressed conditions,

i.e., inflammatory challenge, due to alternating hormone profiles

or inflammatory responses. In humans, published literature points

toward gender-related differences in disease incidence and pa-

thologies for chronic intestinal inflammation (Shah et al., 2018).

Furthermore, we used a variety of model systems including

animals (mice) and stable intestinal cell lines such as Caco-2

cells. We strongly support the notion that a model system should

resemble the in vivo situation and potentially a human disease as

closely as possible. The used cell line Caco-2 are derived from

colon carcinoma cells that may demonstrate different features

compared to primary cells. Since no non-carcinogenic human

or murine colonic cell line exists, we had to refer to a stable can-

cer cell line as an in vitromodel system to perform Seahorse an-

alyses. We therefore cannot rule out a potential bias in the

assessment of cell death and metabolism in our model. To the

best of our knowledge, there are no primary research publica-

tions that use primary cells to perform Seahorse analyses, espe-

cially in combination with stimulations over many hours, i.e.,

butyrate treatment, as these cells are too unstable for a pro-

longed culture. Experimental solutions seem to be upcoming us-

ing intestinal organoids, yet also this approach is extremely chal-

lenging due to the 3D structure of organoids that conflicts with

the narrow space requirements of the Seahorse technology.

Finally, we only investigated the impact of the deletion of a sin-

gle HK family member: HK2. At this point, we can’t rule out that in

the absence of HK2 other HK family members could also

contribute to themetabolic or inflammatory functions. Therefore,

it will be interesting to investigate this issue in further studies by

generating tissue-specific knockout mice with compound dele-

tions of multiple if not all HK genes.
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ThermoFisher

Scientific
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TruSeq stranded mRNA Kit Ilumina Cat# 20020594
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Seahorse XF Glycolysis Stress Test Kit Aligent Cat# 103020-100

ApopTag Plus Peroxidase In
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Sigma-Aldrich Cat# S810

Vectastain ABC kit Vector Laboratories Cat# PK-4000

NucleoSpin Bead Tubes Type A (50) Macherey-Nagel Cat# 740786.50

Haemoccult� Beckman Coulter Cat# 08438859 No longer available

Accu-Check Inform II Roche Cat# 05942861

Viromer Blue Kit for siRNA transfection Lipocalyx Cat# VB-01LB-00 Note:

No longer available to order

Deposited data

RNA sequencing data This paper NCBI’s Sequence Read

Archive under the accession

number GSE158026.

16S amplicon sequencing data This paper European Nucleotide Archive

(ENA, https://www.ebi.ac.uk/ena)

under the study accession

number PRJEB40281

Experimental models: Cell lines

Caco2 German Collection of

Microorganisms and Cell Cultures

Cat# ACC-169, RRID:CVCL_0025

HK2 deficient Caco2 This paper N/A

HEK Noggin (Miyoshi and Stappenbeck, 2013) N/A

HEK R-Spondin-1 (Miyoshi and Stappenbeck, 2013) N/A

Experimental models: Organisms/strains

Hk2DIEC mice This paper N/A

Hk2fl/fl mice This paper N/A

Hk2fl/fl intestinal organoids (WT) This paper N/A

Hk2DIEC intestinal organoids (KO) This paper N/A
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Oligonucleotides

siGenome siRNA FFAR3 (Human) Smart Pool Horizon Cat# 005572-00-0005

siGenome siRNA FFAR2 (Human) Smart Pool Horizon Cat#M-005574-00-0005

siGenome siRNA HCAR2 (Human) Smart Pool Horizon Cat# M-006688-03-0005

Primers for RT-PCR analysis & CRISPR cloning This paper Table S3

Recombinant DNA

CRISPR plasmid targeting human Hk2 This paper N/A

Software and algorithms

Graph-Pad-Prism software, version 9.2 Graphpad https://www.graphpad.com

Adobe Illustrater Version 25.3 Adobe www.adobe.com

ImageJ bundled with Java 1.8.0_172 ImageJ https://imagej.nih.gov/ij/download.html

BD CellQuest Pro� Software Becton Dickinson https://www.bd.com

Flowing Software Perttu Terho, Turku Centre

for Biotechnology, Finland

https://bioscience.fi/services/

cell-imaging/flowing-software/

ZEN pro Zeiss https://www.zeiss.com

Trim Galore, version 0.4.4 Babraham Bioinformatics www.bioinformatics.babraham.

ac.uk/projects/trim_galore/

STAR aligner, version 2.5.2b Alexander Dobin https://github.com/alexdobin/STAR

QuantAnalysis Bruker, Daltonics, Bremen, Germany www.bruker.com

Tecan-i.control software 1.9 Tecan, M€annedorf, Switzerland www.tecan.com

featureCounts (version 1.5.2) Subreads http://subread.sourceforge.net/

ChimeraSlayer N/A (Haas et al., 2011)

PyNAST N/A (Caporaso et al., 2010a)

FastTree 2 N/A (Price et al., 2010)

DEseq2 N/A (Love et al., 2014)

gapseq N/A (Zimmermann et al., 2020)

Bioconductor package topGO (version 2.32.0) Bioconductor https://bioconductor.org
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Felix

Sommer (f.sommer@ikmb.uni-kiel.de).

Material availability
All newly generated materials are available from the corresponding author upon reasonable request.

Data and code availability
d All data is either included in thismanuscript or deposited on public databases. The RNA sequencing data has been deposited at

NCBI’s Sequence Read Archive under the accession number GSE158026. The 16S amplicon sequencing data are accessible

through the European Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena) under the study accession number PRJEB40281.

Additional data that support the findings of this study are available from the corresponding author upon reasonable request.

d All codes used to generate the bioinformatic analyses are available from the lead author upon reasonable request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reason-

able request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal experiments were approved by the local animal safety review board of the federal ministry of Schleswig Holstein and con-

ducted according to national and international laws and policies (V 312-72241.121-33 (95-8/11) and V242-62324/2016 (97-8/16)).
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Specific-pathogen free (SPF) C57BL/6j animals were housed in the Central Animal Facility (ZTH) of the University Hospital Schleswig

Holstein (UKSH, Kiel, Germany). To create the Hk2DIEC mouse line, we crossed commercially available mice carrying a floxed Hk2

allele (EMMA #02074, (Heikkinen et al., 1999)) with mice expressing the CRE recombinase under the control of the Villin promoter

(all in C57BLj genetic background). As controls we used littermate Hk2fl/fl mice, referred to as WT mice. All mice were kept under

a 12-h light cycle at 45%–65% relative humidity and 22�C room temperature, and were fed gamma-irradiated diet (V1534, ssniff)

ad libitum. Mice were killed by cervical dislocation prior to removing tissues for histological and molecular analyses. For basal

phenotyping we used 9 to 11 and 86 to 92 weeks old mice. For DSS-induced colitis we used 10 to 14 weeks old male mice. Both

genotypes were co-housed throughout the entire experiment. To induce colitis, mice received 1,5% (w/v) dextran sodium sulfate

in autoclaved tap water. For the SCFA intervention mice were fed either a control diet, a butyrate-enriched diet or an acetate-con-

taining diet for ten days prior to inducing colitis by administering DSS. The SCFA supplementation was continued throughout the

entire experiment. The butyrate-enriched diet consisted of control feed (V1534, ssniff) supplemented with 10% (w/w) of the buty-

rate-polymer tributyrin (Sigma Aldrich), as this ensures the release of butyrate in the colon after metabolization by the intestinal micro-

biota instead of its absorption in the proximal small intestine (Egorin et al., 1999; Wichmann et al., 2013). The acetate-enriched diet

consisted of control feed but the drinking water was replaced with autoclaved tap water supplemented with 150 mM sodium acetate

(Sigma Aldrich), a concentration used successfully in previous studies (Macia et al., 2015; Maslowski et al., 2009). Disease activity

was determined by a combination of weight loss (0 = 0%–5%, 1 = 5%–10%, 2 = 10%–15%, 3 = 15%–20% and 4 = > 20%), stool

consistency (0 = formed, 1 = formed but soft, 2 = unformed, 4 = diarrhea) and rectal bleeding (0 = negative Haemoccult (Beckman

Coulter), 1 = slightly positive Haemoccult, 2 = strongly positive Haemoccult, 3 = visible blood on stool, 4 = rectal bleeding) as pre-

viously described (Aden et al., 2018). For oral glucose tolerance testing (oGTT) mice were fasted for 4 h. A solution, containing 20%

glucose (Sigma Aldrich) dissolved in sterile filtered tap water, was applicated by gavage. Mice received 2 g glucose per kg of body

weight at time point 0. The tail vein was punctured tomeasure blood sugar via a test strip (Roche) at the time points�30, 0, 15, 30, 60

and 120 min before/after gavage as previously described (Sommer et al., 2016).

Mice received 600 mg Fluorescein Isothiocyanate (FITC) (TH Geyer) per kg body weight via gavage 1 h prior to the sacrifice. FITC

concentration in serum was measured via Infinite M200 Pro microplate reader (Tecan, M€annedorf, Switzerland) using the Tecan-

i.control software 1.9 (Tecan, M€annedorf, Switzerland) as previously described (Gupta and Nebreda, 2014).

Gnotobiotic experiments were performed in the animal facilities of either the Experimental Biomedicine (EBM) of Gothenburg or

Hannover Medical School (MHH). All animal protocols were approved by the Gothenburg Animal Ethics Committee or by Lower Sax-

ony State Office for Consumer Protection and Food Safety. Gnotobiotic mice were housed as described under standard procedures

(Bolsega et al., 2019; Sommer et al., 2014). Mice were kept under a 12-h light cycle and fed autoclaved chow diet ad libitum (Labdiet,

St Louis, MO, USA). Mono-associated mice were generated by inoculating 12-week-old GF mice with 200 ml of overnight (stationary

phase) in vitro cultures of B. thetaiotaomicron, E. coli or B. longum by oral gavage and the mice were sacrificed 14 days post colo-

nization. ASF- and OMM-associated mice were generated by co-housing of weaned germ-free mice for four weeks with gnotobiotic

donor animals colonized with either ASF or OMM and sacrificed at an age of 12 weeks.

Bacteria and in vitro culture
B. thetaiotaomicron VPI-5482 (ATCC 29148, (Goodman et al., 2009)), E. coli W3110 (Karow and Georgopoulos, 1992) were kindly

provided by Dr. Jeffrey Gordon (Edison Family Center for Genome Sciences and Systems Biology, Washington University School

of Medicine, St. Louis, MO 63110, USA), while B. longum NCC 2705 was kindly provided by Dr. Stéphane Duboux, Nestlé Research

Center, Lausanne, Switzerland. Liquid media (TYG, LB and MRS broth supplemented with 0.05% (w/v) cysteine), for

B. thetaiotaomicron, E. coli and B. longum, respectively) were inoculated with single colonies of cultures on agar plates and were

grown to the stationary phase overnight in an anaerobic jar at 37�C. ASF is a mix of eight bacteria: two Clostridia species ASF356

& ASF502, Lactobacillus murinus ASF361 and spec. ASF360, Mucispirillum schaedleri ASF457, Eubacterium plexicaudatum

ASF492, Parabacteroides spec. ASF519 and an unknown Firmicutes bacterium ASF500 (Schaedler et al., 1965). ASF colonized

mice were purchased from Taconic and inoculated transgenerally by co-housing. OMM (Oligo-Mouse-Microbiota) is a mix of 12

bacteria: Bacterioides ceacimuris I48,Muribaculum intestinale YL27, Akkermansia municiphila YL44, Turicimonas muris YL45, Limo-

silactobacillus reuteri I49, Enterococcus faecalis KB1,Blautia coccoides YL58,Clostridium innocuum I46, Flavonifractor plautii YL31,

Enterocloster clostridioforme YL32, Acutalibacter muris KB18 and Bifidobacterium animalis YL2 (Brugiroux et al., 2016). The OMM

was kindly provived by Prof. B€arbel Stecher (Max von Pettenkoffer-Institute, Medical Faculty, Ludwig-Maximilians-University Mu-

nich) Bacteria of the OMM consortium were grown in single cultures under anaerobic conditions in Anaerobic Akkermansia Medium

(AAM) as previously described (Brugiroux et al., 2016). Briefly, AAM is mainly based on Brain Heart Infusion and Trypticase soy broth

andwas supplementedwith reducing agents under sterile and anaerobic conditions. Cultures of eachOMMstrain were collected and

cells pelleted by centrifugation at maximum speed for 5 min. The cleared supernatants were then sterile filtered using a 0.2 mm filter

and then used for 24 h stimulations.

Culture of Caco-2 cells
Caco-2WT and Caco-2DHk2 cells were cultured at 37�C with 5% CO2 atmosphere in MEM with 20% (v/v) Fetal bovine serum (FBS)

purchased from Biochrom. Cells were seeded with 70% confluency and 24 h in advance of stimulation. Cells were stimulated for

a period of 24 h. All used stimulant concentrations are listed in the legends of the corresponding figures.
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Culture of intestinal organoids
Intestinal organoids were generated following procedures described earlier by Sato et al., 2009 (Sato et al., 2009). Organoids were

cultivated at 37�Cwith 5%CO2 atmosphere in 24well plates inMatrigel (BD) with ENR-conditionedmedium supplementedwith 0.1%

human recombinant EGF (50 mg/mL) as described by Sato et al., 2011 (Sato et al., 2011). ENR-conditionedmedium consisted of 70%

(v/v) 2x basal medium (Advanced DMEM/F12 supplemented with HEPES [1M], Glutamax [100x], Penicillin/streptomycin 10,000 U/

mL [1:50] and N-Acetylcysteine [500 mM]), 10% (v/v) Noggin-conditioned medium and 20%R-Spondin–conditioned medium. Intes-

tinal organoids were stimulated for a period of 24 h h. All used stimulant concentrations can be found in the legends of the

corresponding figures.

METHOD DETAILS

Noggin-conditioned medium
HEK Noggin cells were described previously (Miyoshi and Stappenbeck, 2013) and kindly provided by the group of Prof. Zeissig

(CRTD, Dresden University, Germany). Briefly, HEK cells were engineered to secrete Noggin protein into the culture medium. The

cells were thawed in DMEM + 10%(v/v) FBS purchased from Biochrom. After reaching confluency, cells were cultured for 3 cycles

using DMEM + 10% (v/v) FBS + 10 mg/mL Puromycin (Sigma-Aldrich). After the 3rd cycle cells were diluted 1:20 and cultured in

DMEM + 10% (v/v) FBS without Puromycin. After 4 days the medium was collected and centrifugated to remove excess cells.

New DMEM + 10% (v/v) FBS was added to the cells and 4 days later the second batch was collected and centrifugated to remove

excess cells. Collected medium from the first batch was mixed with the second batch.

R-Spondin-conditioned medium
HEK R-Spondin-1-producing cells were described previously (Miyoshi and Stappenbeck, 2013) and kindly provided by Prof. Zeissig

(CRTD, Dresden University, Germany). Briefly, HEK cells were engineered to secrete R-Spondin-1 protein into the culture medium.

The cells were thawed in DMEM + 10% (v/v) FBS (Biochrom). After reaching confluency cells were cultured for 3 cycles using

DMEM + 10% (v/v) FBS+ 300 mg/mL Zeocin (Thermo Fisher). After the 3rd cycle cells were diluted 1:20 and cultured in DMEM +

10% (v/v) FBS without Zeocin. After 4 days the medium was collected and centrifuged to remove excess cells. New DMEM +

10% (v/v) FBS was added to the cells and 4 days later the second batch was collected and centrifuged remove excess cells.

Collected medium from the first batch was mixed with the second batch.

Isolation of primary cells
IECs were isolated from intestinal tissue using the Lamina Propria Dissociation Kit (Miltenyi BioTech, Bergisch Gladbach, Germany)

according to the manufacturer’s protocol with minor deviations as described before (Pan et al., 2018). In brief, intestinal epithelial

cells were isolated by disruption of the structural integrity of the epithelium using ethylenediaminetetraacetic acid (EDTA) and dithio-

threitol (DTT). Purity of individual IEC fractions was analyzed by flow cytometry on a FACS Calibur flow cytometer (B&D, Heidelberg,

Germany) with Cellquest analysis software fromBecton Dickinson.We used the Anti-EpCam-PE (Clone: G8.8, Biolegend, San Diego,

USA) antibody for analysis of IEC purity. FACS-data was analyzed using Flowing Software (Perttu Terho, Turku Centre for Biotech-

nology, Finland).

Generation and culture of HK2-deficient Caco-2 cells
ACRISPR plasmid targeting humanHk2was generated using the GeneArt�CRISPRNuclease Vector Kit from Thermo Fisher. Caco-

2 cells were purchased fromDSMZ (ACC-169) and transfected with theHk2CRISPR plasmid using the Lipofectamin 3000 reagent kit

(Thermo Fisher Scientific). Positive clones were purified by the Dynabeads� CD4 Positive Isolation Kit (Invitrogen) and screened via

western blot to generate a monoclonal population termed Caco-2DHk2. Caco-2 cells that were also subjected to the CRISPR trans-

fection and selection procedure, but which still showed a HK2 band as per western blot analysis were used as controls (Caco-2WT).

siRNA Transfection
Free Fatty Acid Receptor 3 (FFAR3), Free Fatty Acid Receptor 2 (FFAR2) and Hydroxycarboxylic Acid Receptor 2 (HCAR2) were

silenced using small interfering RNA (siRNA). Caco-2 were transfected with siRNA for FFAR3, FFAR2 and HCAR2 or mock siRNA

(Horizon) 24 h after seeding using the Viromer Blue Kit for siRNA transfection (Lipocalyx) following the manufacturers instruction.

Butyrate (Sigma Aldrich) was added 48 h after siRNA transfection.

RNA isolation and qPCR
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s protocol. RNA concentration was

measured using a NanoDrop ND-1000 spectrophotometer (PeqLab Biotechnologie). 1 mg of total RNA was reverse transcribed to

cDNA using theMaximaHMinus First Strand cDNASynthesis Kit (ThermoFisher Scientific). qPCRwas carried out using SYBRSelect

Master Mix (Applied Biosystems) according to themanufacturer’s instructions on a Viia 7 Real-Time PCR System (ThermoFisher Sci-

entific). Expression levels were normalized to Actb (b-actin). Primer sequences for RT-PCR are listed in Table S3.
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RNA sequencing
Total RNA was extracted as described above from isolated IECs from Hk2DIEC and littermate control mice under untreated

conditions and after administering DSS for 3 or 7 days. RNA libraries were prepared using TruSeq stranded mRNA Kit (Illumina)

according to manufacturer’s instructions. All samples were sequenced using an Illumina NovaSeq 6000 sequencer (Illumina, San

Diego,CA) with an average of 23 million paired-end reads (2x 50 bp) at IKMB NGS core facilities. The RNA-seq data was

processed using an in-house pipeline (https://github.com/nf-core/rnaseq). Briefly, adapters and low-quality bases from the

RNA-seq reads were removed using Trim Galore (version 0.4.4). The filtered reads were mapped to the mouse genome

(GRCm38) using STAR aligner (version 2.5.2b). Expression counts of the transcripts were estimated using featureCounts (version

1.5.2) and then normalized across samples using the DESeq normalization method. DEseq2 (Love et al., 2014) was used to

determine differentially expressed genes. Genes were considered as significant differentially expressed if the adjusted p value

(Benjamini-Hochberg (BH) multiple test correction method) was less than 0.05. Gene Ontology (GO) enrichment analysis was

conducted using the Bioconductor package topGO (version 2.32.0) and a Fisher.elim p value (weight algorithm) of 0.05 was

used as significance threshold.

Microbiota analysis
MiSeq 16S amplicon sequence data was analyzed using MacQIIME v1.9.1 (http://www.wernerlab.org/software/macqiime, (Capor-

aso et al., 2010b)) as described previously (Fulde et al., 2018; Sommer et al., 2016). Briefly, all sequencing reads were trimmed keep-

ing only nucleotides with a Phred quality score of at least 20, then paired-end assembled and mapped onto the different samples

using the barcode information. Sequences were assigned to operational taxonomic units (OTUs) using uclust and the greengenes

reference database (gg_13_8 release) with 97% identity (DeSantis et al., 2006; Edgar, 2010). Representative OTUs were picked

and taxonomy assigned using uclust and the greengenes database. Quality filtering was performed by removing chimeric sequences

using ChimeraSlayer (Haas et al., 2011) and by removing singletons and sequences that failed to align with PyNAST (Caporaso et al.,

2010a). The reference phylogenetic tree was constructed using FastTree 2 (Price et al., 2010). All samples within a single analysis

were normalized by rarefaction to the minimum shared read count to account for differential sequencing depth among samples

(10,174 sequences per sample). Relative abundance was calculated by dividing the number of reads for an OTU by the total number

of sequences in the sample. Alpha diversity measures were computed and beta diversity was calculated using Unweighted Unifrac

and visualized by principal coordinate analysis. Significance of differences in abundances of various taxonomic units between

Hk2DIEC and littermate control mice was calculated using t test and p values were adjusted for multiple testing using FDR correction

(q-value).

Western blot analyses
Caco-2 cells and organoids were lysed using RIPA buffer + 1% Halt Protease inhibitor cocktail (Thermo Fisher Scientific). Ly-

sates were heated to 95�C for 5 min centrifuged at 16,000 g for 15 min at 4�C to remove cell remnants. Protein concentrations

were measured by DC Protein Assay (BioRad) according to the manufacturers protocol. Equal amounts of lysates containing

Laemmli buffer (250 mM TRIS, 10% (v/v) SDS, 50% (v/v) Glycerol, 500 mM DTT and Bromophenol blue) were heated at

95�C and electrophoresed on 10% or 15% polyacrylamide gels under standard SDS-PAGE conditions before being transferred

onto a Immun-Blot PVDF Membrane (Biorad). Protein loaded membranes were blocked with 5% (w/v) non-fat dry milk or bovine

serum albumin (BSA) in Tris-buffered saline (TBS) (200 mM TRIS, 1.37 M NaCl) supplemented with 0,1% (v/v) Tween 20 for 1 h,

incubated with primary antibody (mouse anti-HK2, Novus Biologicals, #NBP2-02272; rabbit anti-PARP1/cPARP1, Cell Signaling

Technology, #9542; rabbit anti-Caspase3/cCaspase3, Cell Signaling Technology, #9662, mouse anti-betaActin, Abcam,

#ab20272) overnight, washed three times with TBS-Tween-20 and then incubated with the secondary horseradish peroxidase

(HRP)-conjugated antibody for 1 h at room temperature. Proteins were detected using the Pierce ECL and ECL Plus Substrate

Kits (ThermoFisher).

Histology and immunostaining
Tissue specimen were fixed in 10% formalin solution over night at 4�C and then embedded in paraffin. 5 mm thick sections

were cut and stained with hematoxylin and eosin (H&E) or subjected to immunostaining using the Vectastain ABC kit (Vector

Laboratories) including antigen retrieval in boiling citrate buffer. Primary antibodies were incubated overnight. For immuno-

staining of HK2 we used a 1:1000 diluted antibody (Novus Biologicals, #NBP2-02272). Using ImageJ (version 1.8.0_172,

https://imagej.nih.gov/ij/index.html) free hand selection was used to select the HK2 positive colonic epithelium and the inten-

sity of staining was measured using the mean gray value of the pixel area. We calculated the average gray value of 20 selected

sections per colon. We than subtracted the average Grey Scale value of from the background white (255- sample average). We

used the mean gray value of all chow treated WT mice (Basal phenotyping) and set it to 100% to compare the intensity to the

chow WT mice. For immunostaining of Ki67 we used a 1:500 diluted mouse anti-Ki67 antibody (BD Biosciences, cat.no.

556003). The TUNEL assay was performed using the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Merck Milli-

pore) according to the manufacturer’s instructions. Slides were visualized using a Zeiss Imager Z1 microscope (Zeiss) and pic-

tures were taken using ZEN pro (Zeiss) software. Histological disease activity was assessed in a blinded fashion as previously

described (Siegmund et al., 2001). Briefly, the scoring is calculated as a combined score of inflammatory cell infiltration and

tissue damage.
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Seahorse analysis
To perform real-time ECAR and OCR-analyses, Caco-2 cells were analyzed using the Seahorse XF24 Analyzer from Agilent Tech-

nologies by Mito Stress Test Kit or Glycolysis Stress Test Kit according to the manufacturer’s instructions. 4x104 cells were used

in each assay with n = 9 replicates in three independent experiments. Cells were seeded 24 h prior to the assay. To study the effect

of butyrate the assay was conducted after 48 h to allow a 24 h stimulation with 2mM butyrate (Sigma Aldrich).

Metabolic modeling of SCFA production by OMM bacteria
Metabolic networks were reconstructed using gapseq (Zimmermann et al., 2020) based on the genomes of OMM bacteria, which

were downloaded from NCBI bioproject PRJNA289613, and the Anaerobic Akkermansia Medium (Brugiroux et al., 2016). The for-

mation of fermentation products was determined via an extended flux balance analysis that minimizes the total flux through all re-

actions as a proxy for the parsimonious enzyme usage (Lewis et al., 2010). The variability of predictions was taken into account

by randomly sampling the space of alternative optimal solutions via the function ACHR from the R package sybilcycleFreeFlux

(W = 5000, nPoints = 10000) (Desouki et al., 2015) to derive the distribution of fermentation products for each bacteria. All predicted

fermentation products were then used as explanatory variables to estimate the Hk2 expression via linear regression.

Quantification of SCFAs
OMM bacteria were grown as described above and 1 mL of each bacterial culture supernatant was homogenized using NucleoSpin

Bead Tubes (Macherey-Nagel, D€uren, Germany) and a Precellys Evolution Homogenizer (Bertin Corp., Rockville, Maryland, USA).

Homogenates were cleared by centrifugation for 10 min at 21,000 3 g and 4�C. SCFA standards including acetic, propionic and

butyric acid (purchased from Sigma Aldrich, St Louis, MO, USA) were prepared in methanol to a concentration of 100 ppm. Deriv-

atization of SCFAswas performedwith 3-nitrophenylhydrazone as described (Liebisch et al., 2019). SCFA concentrations in the sam-

ples were then measured via Ultra-High Performance Liquid Chromatography (Acquity UPLC, Waters, Milford, MA, USA) coupled to

Mass Spectrometry (amaZon ETD IonTrap, Bruker Daltonics GmbH, Bremen, Germany). Sample separation was performed using a

C8 column and solvent system consisting of ammonium acetate (5mM, Sigma Aldrich, St Louis, MO, USA) combinedwith acetic acid

(0.1%, pH 4.2, Biosolve, Valkenswaard, Netherlands) in water or acetonitrile (LC-MS CHROMASOLV, FLUKA, Sigma Aldrich, St

Louis, MO, USA). Mass spectrometry analysis was performed in negative electrospray ionization mode. Peak areas and concentra-

tions of SCFAs in the bacterial supernatants were calculated using QuantAnalysis (Bruker, Daltonics, Bremen, Germany) software.

ELISA
Enzyme linked immunosorbent assay (ELISA) was used to detect cytokine levels of serum of mice. For measurement of murine

CXCL1/KCwe used theMurine CXCL1/KCQuantikinie (R&DSystems), following themanufacturers protocol. The plates were coated

overnight with an antigen-specific capture antibody at room temperature. Afterward the plates were washed with 0,05% Tween 20 in

DBPS and blocked using 1% BSA in DBPS. Streptavidin-bound horse radish peroxidase antibody was used as secondary antibody

following the manufacturers protocol. The absorbance was measured with an Infinite M200 Pro microplate reader (Tecan,

M€annedorf, Switzerland) using the Tecan-i.control software 1.9 (Tecan, M€annedorf, Switzerland)

QUANTIFICATION AND STATISTICAL ANALYSIS

Biostatistical analyses were performed using GraphPad Prism (version 8) software (GraphPad, Inc, La Jolla, CA), MacQIIME v1.9.2 or

R (v 3.2.5) including data distribution analyses. Data from two groups was assessed for significance using Mann-Whitney U-test,

whereas data from multiple groups was analyzed using either one-way or two-way ANOVA. Specific comparisons and analyses

are described in the individual method sections. Differences between the groups were considered significant at p < 0.05 and the

data are presented as means ± SEM.
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