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TKT maintains intestinal ATP production and inhibits
apoptosis-induced colitis
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Inflammatory bowel disease (IBD) has a close association with transketolase (TKT) that links glycolysis and the pentose phosphate
pathway (PPP). However, how TKT functions in the intestinal epithelium remains to be elucidated. To address this question, we
specifically delete TKT in intestinal epithelial cells (IECs). IEC TKT-deficient mice are growth retarded and suffer from spontaneous
colitis. TKT ablation brings about striking alterations of the intestine, including extensive mucosal erosion, aberrant tight junctions,
impaired barrier function, and increased inflammatory cell infiltration. Mechanistically, TKT deficiency significantly accumulates PPP
metabolites and decreases glycolytic metabolites, thereby reducing ATP production, which results in excessive apoptosis and
defective intestinal barrier. Therefore, our data demonstrate that TKT serves as an essential guardian of intestinal integrity and
barrier function as well as a potential therapeutic target for intestinal disorders.
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INTRODUCTION
The mammalian intestinal epithelium is composed of a monolayer
of columnar epithelial cells organized into crypts and villi that
renews every 4–5 days [1]. It is an important metabolic tissue,
serving a variety of physiological functions including digestion and
absorption of nutrients as well as forming a physical and
biochemical barrier against enteric pathogens to maintain tissue
homeostasis [1–3]. Once the intestinal barrier function is disturbed
by various risk factors such as deregulated apoptosis, the intestinal
mucosa directly contacts with the luminal invading pathogens and
ingested toxins to promote inflammatory responses, leading to
intestinal disorders including inflammatory bowel disease (IBD) [4].
Recent studies have intensively suggested a strong link

between intestinal disorders and metabolites or metabolic genes.
Some products from carbon metabolism, such as pyruvate, play an
anti-inflammatory role in colitis [5, 6]. In addition, lipids, short fatty
acids and amino acids also have a close association with intestinal
barrier function and IBD [7–10]. Moreover, metabolic genes
including pyruvate kinase (PKM2), NADPH oxidase (NOX) and
TIGAR have been shown to involve in the progression of IBD
[11–13]. Thus, focus on the regulation of metabolism in IBD may
provide new insights into clinical therapies.
Transketolase (TKT), linking the pentose phosphate pathway (PPP)

and glycolysis, plays a critical role in the non-oxidative PPP [14, 15].
TKT catalyzes two reversible reactions, determining the direction of
metabolites in PPP according to metabolic demands [15]. One
reaction catalyzed by TKT is the conversion of xylulose-5-phosphate

(Xu5P) and ribose-5-phosphate (R5P) into glyceraldehyde-3-
phosphate (G3P) and sedoheptulose-7-phosphate (S7P). The other
is to produce G3P and fructose-6-phosphate (F6P) from Xu5P and
erythrose-4-phosphate (E4P) [15]. Our previous data have shown
that TKT serves as a critical regulator of carbohydrate and lipid
catabolism [16]. Cellular TKT deficiency accumulates non-oxidative
PPP metabolites and decreases glycolytic products [16, 17], which
are associated with intestinal barrier function [5, 6, 18]. The TKT
activity is dependent on thiamine, and thiamine deficiency has a
strong association with IBD [19]. Moreover, erythrocyte TKT
activity is declined in patients suffering from IBD [20]. Further-
more, lack of transketolase-like 1 (TKTL1), which belongs to the
TKT gene family, aggravates murine experimental colitis [21].
However, the functions of TKT gene family in regulating intestinal
homeostasis remain unknown.
In mice, inactivation of both TKT alleles is lethal whereas

disruption one of TKT alleles causes growth retardation and
preferential reduction of adipose tissues [22]. Nevertheless, our
previous data have indicated that TKT ablation in the liver and
adipose tissues has no effect on the growth and development in
mice fed with normal chow diet [16, 17]. Therefore, TKT
downregulation in other tissues such as the intestine possibly
accounts for the growth retardation phenotypes.
To investigate the possible role of TKT in intestinal physiology,

we generate an intestinal epithelium-specific TKT knockout mouse
model. In the present study, we show that TKT deficiency in the
intestinal epithelium results in reduction of glycolytic metabolites

Received: 31 March 2021 Accepted: 26 August 2021

1Department of Neurology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, Shandong, China. 2Department of Biochemistry and Molecular
Cell Biology, Shanghai Key Laboratory for Tumor Microenvironment and Inflammation, Key Laboratory of Cell Differentiation and Apoptosis of Chinese Ministry of Education,
Shanghai Jiao Tong University School of Medicine, Shanghai, China. 3Department of Physiology, Weifang Medical University, Weifang, Shandong, China. 4Department of Anatomy
and Physiology, Center for Brain Science of Shanghai Children’s Medical Center, Shanghai Jiao Tong University School of Medicine, Shanghai, China. 5These authors contributed
equally: Na Tian, Lei Hu. ✉email: tianna@sdfmu.edu.cn; xuemeitong@shsmu.edu.cn
Edited by Hans-Uwe Simon

www.nature.com/cddis

Official journal of CDDpress

http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04142-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04142-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04142-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04142-4&domain=pdf
http://orcid.org/0000-0001-7800-6072
http://orcid.org/0000-0001-7800-6072
http://orcid.org/0000-0001-7800-6072
http://orcid.org/0000-0001-7800-6072
http://orcid.org/0000-0001-7800-6072
http://orcid.org/0000-0002-3545-1026
http://orcid.org/0000-0002-3545-1026
http://orcid.org/0000-0002-3545-1026
http://orcid.org/0000-0002-3545-1026
http://orcid.org/0000-0002-3545-1026
http://orcid.org/0000-0002-2127-2019
http://orcid.org/0000-0002-2127-2019
http://orcid.org/0000-0002-2127-2019
http://orcid.org/0000-0002-2127-2019
http://orcid.org/0000-0002-2127-2019
https://doi.org/10.1038/s41419-021-04142-4
mailto:tianna@sdfmu.edu.cn
mailto:xuemeitong@shsmu.edu.cn
www.nature.com/cddis


and insufficient ATP production, which can lead to epithelial cell
apoptosis, intestinal barrier defects, spontaneous colitis and
mouse growth retardation. Therefore, TKT maintains intestinal
homeostasis through protecting epithelial cells from energy
insufficiency and apoptosis.

RESULTS
TKT deletion in intestinal epithelium leads to growth
retardation in mice
To directly investigate the physiological functions of TKT in the
intestine, we generated IEC-specific TKT knockout (abbreviated

as TKTΔIEC) mice by crossing Tktfl/fl mice with Villin-Cre mice
(Fig. 1A). Polymerase chain reaction (PCR) was performed to
identify different genotypes (Fig. 1B). TKT expression was notably
decreased in the small intestine (SI), colon and crypts in TKTΔIEC

mice compared with WT mice (Fig. 1C, D).
TKTΔIEC mice were born at a Mendelian ratio and became

distinguishable from their WT littermates due to significant
growth retardation from 3 weeks old. Without difference in food
intake, both female and male TKTΔIEC mice showed lower body
weight and smaller size after weaning, which became more
significant as the mice aged (Fig. 1E–I). Moreover, a small
percentage of TKTΔIEC mice died at different ages (Fig. 1J).

Fig. 1 TKT deficiency in intestinal epithelium results in growth retardation. A Schematic diagram of the strategy to generate TKTΔIEC mice.
B PCR analysis for TKT WT and null alleles. C QPCR analysis of TKT mRNA expression in small intestines and colons from WT and TKTΔIEC mice
(n= 5). D Western blotting analysis of TKT protein levels in tissues from WT and TKTΔIEC mice. E Body weight of female WT and TKTΔIEC mice at
different ages (n= 9 for WTmice, n= 8 for TKTΔIEC mice). F Body weight of male WT and TKTΔIEC mice at different ages (n= 8 for WTmice, n=
10 for TKTΔIEC mice). G Food intake of WT and TKTΔIEC mice (n= 5). H Representative images of female WT and TKTΔIEC mice at the age of
4 months. Scale bars, 1 cm. I Representative images of male WT and TKTΔIEC mice at the age of 3 months. Scale bars, 1 cm. J Kaplan–Meier
survival curve of WT and TKTΔIEC mice (log-rank test). Data are represented as mean ± SEM. Significance is determined by Student’s t test
analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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Collectively, these data suggest that sufficient TKT in IECs is critical
for murine normal growth.

TKTΔIEC mice spontaneously develop colitis
When exploring how loss of TKT in IECs resulted in growth
retardation, we observed that TKTΔIEC mice displayed symptoms of
colitis, including frequent loose stools, diarrhea and even rectal
prolapses (Fig. 2A). Notably, the colons of TKTΔIEC mice were much
shorter than those of WT mice starting from 3 weeks of age, often
accompanied by abnormal cecum (Fig. 2B, C). Histological analysis
revealed that TKT deficiency altered the colonic morphology, with
dilated crypt diameters, oval or slit-like lumens and thickened
epithelial linings (Fig. 2D). As the mice aged, TKTΔIEC animals
showed increased epithelial disruption, follicle aggregation, crypt
loss, enhanced erosion and even aberrant crypt foci (ACF),
compared to WT littermates (Fig. 2D).
Moreover, TKT deficiency resulted in immune cell infiltration in

both epithelial and lamina propria fractions and bigger Peyer’s
patch (Fig. 3A). Flow cytometry analysis confirmed increased
immune cell infiltration in intestinal epithelial cell (IEC) and lamina
propria (LP) of TKTΔIEC colons (Fig. 3B, C). Among different subsets
of immune cells infiltrated in colon tissues, neutrophils were the
most significantly increased population in both IEC and LP of
TKTΔIEC colons when compared with WT (Fig. 3B, C, Supplementary
Fig. S1). T cells were slightly increased in TKTΔIEC mice whereas B
cells, macrophages and dendritic cells remained unchanged
between WT and TKTΔIEC mice (Supplementary Fig. S1). Further-
more, levels of IL-1β produced by neutrophils in both IEC and LP
as well as TNFα produced by CD8+ T cells, CD4+ T cells and natural
killer T (NKT) cells in LP of TKTΔIEC mice were also elevated
(Fig. 3C–F). In addition, quantitative PCR (qPCR) analysis showed
that IL-1α, IL-1β, IL-6, TNFα and Cox-2 were all transcriptionally
upregulated in colonic tissues from TKTΔIEC mice in comparison
with WT controls (Supplementary Fig. S2A). Consistently, the
circulating levels of pro-inflammatory cytokines, including IL-6 and
TNFα, were significantly higher in serum from TKTΔIEC mice
(Supplementary Fig. S2B, C). Together, these results demonstrate

that TKT ablation leads to intestinal inflammation with extensive
epithelial erosion and inflammatory cell infiltration.

Intestinal epithelial TKT ablation causes defective barrier
function
Epithelial tight junctions have a strong link with colitis, through
regulating the paracellular permeability and the integrity of the
epithelial barrier [23, 24]. Therefore, we analyzed the effect of TKT
deletion on epithelial tight junctions and intestinal permeability.
Using fluorescein isothiocyanate (FITC)-dextran [25], we found that
in vivo intestinal permeability was notably increased in TKTΔIEC

mice (Fig. 4A). In line with this, expression of key components of
tight junctions including zonula occludens-1 (ZO-1), ZO-2 and
Occludin [24], was notably decreased in the colons of TKTΔIEC mice
in comparison with WT mice (Fig. 4B–D). To further examine the
effect of TKT deficiency on the morphology of tight junctions in
epithelial cells of colons, we compared the ultrastructure of tight
junctions in WT and TKTΔIEC colons by electron microscopy.
Intestinal epithelial cells from WT mice showed the characteristic
tight junction membrane kisses (Fig. 4E). However, loss of TKT
resulted in an apparent deformation of tight junctions in epithelial
cells of colons (Fig. 4E). These data indicate that TKT plays an
important role in regulating intestinal epithelial tight junction
assembly and barrier function.

Loss of TKT in IECs induces apoptosis and ectopic proliferation
To further investigate the mechanism underlying TKT deficiency-
induced colitis, we performed RNA sequencing (RNA-seq) using
the colonic tissues of 4-week-old WT and TKTΔIEC mice. The Gene
Ontology (GO) enrichment analysis of RNA-seq data showed that
genes involved in the apoptotic process were most significantly
changed among the upregulated genes (Fig. 5A). Excessive IEC
apoptosis is a well-recognized mechanism of colitis by causing
severe gut pathology with mucosal damage and leukocyte
infiltration [4, 26–28]. Apoptosis is a complex process in which
the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2
play critical roles [29, 30]. Notably, Bax was significantly

Fig. 2 Loss of TKT in intestinal epithelium induces spontaneous colitis. A TKTΔIEC mice are more susceptible to rectocele compared
with their WT littermates. Scale bars, 1 cm. B Representative images of colons of WT and TKTΔIEC mice at different ages. C Quantification of colon
length of WT and TKTΔIEC mice at different ages. D Representative H&E-stained colon sections of WT and TKTΔIEC mice at different ages. Scale bars,
200 μm.
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upregulated, whereas Bcl-2 was downregulated in colons of 3-
week-old TKTΔIEC mice compared to WT mice (Fig. 5B, C). Caspase-
3, a main executor of the apoptotic process, is often markedly
elevated in colonic tissues of colitis [27, 31]. Consistently, we
found that TKT deletion upregulated the colonic expression of
cleaved caspase-3 (Fig. 5C, D). In addition, TUNEL staining showed
more apoptotic epithelial cells in TKTΔIEC colonic tissues compared
to WT controls (Fig. 5E).
Continuous self-renewal of the intestinal epithelium critically

depends on proliferation of stem cells within the crypts and
apoptosis at the villous tip [4, 32]. Epithelial cell proliferation and
apoptosis needs to be tightly regulated. During the self-renewable
process, proliferation is restricted to cells at the bottom of crypts,
whereas apoptosis generally occurs on superficial cells lining the
lumen [4]. Therefore, we next investigated the effects of excessive
apoptosis due to TKT deficiency on intestinal epithelial prolifera-
tion. QPCR analysis showed a significant increase in Ki67
expression, suggesting that TKTΔIEC mice had more proliferative

cells (Fig. 6A). Moreover, IHC staining showed that Ki67 protein
was dispersed throughout the crypt of TKTΔIEC mice rather than at
the base of the crypt, where the proliferative cells should reside as
shown in controls (Fig. 6B). Furthermore, a BrdU pulse-chase
experiment also showed that BrdU-stained cells were distributed
throughout the entire crypt of TKTΔIEC mice instead of being
concentrated near the base of the crypt in WT (Fig. 6C, D).
Collectively, these data reveal that TKT deficiency disturbs the

balance between intestinal epithelial apoptosis and proliferation,
resulting in excessive apoptosis and ectopic hyperproliferation.

TKT deficiency in the intestinal epithelium limits energy
supply
Oxidative stress has been shown to play an important role in the
apoptotic process [33]. PPP makes a great contribution to
intracellular redox homeostasis by regulating NADPH generation
[15]. Our previous studies have suggested that cellular TKT loss
disrupts redox homeostasis by reducing NADPH and GSH levels

Fig. 3 TKT ablation in intestinal epithelium leads to massive infiltration of immune cells. A Representative images of colon sections stained
with the CD45 antibody from WT and TKTΔIEC mice at different ages. Scale bars, 100 μm. B Representative flow cytometric analysis of IL-1β
from neutrophils in the IEC of colons from 6-week-old WT and TKTΔIEC mice (n= 3). C Representative flow cytometric analysis of IL-1β from
neutrophils in the LP of colons from 6-week-old WT and TKTΔIEC mice (n= 3). D Representative flow cytometric analysis of TNFα from CD8+

T cells in the LP of colons from 6-week-old WT and TKTΔIEC mice (n= 3). E Representative flow cytometric analysis of TNFα from CD4+ T cells in
the LP of colons from 6-week-old WT and TKTΔIEC mice (n= 3). F Representative flow cytometric analysis of TNFα from NKT cells in the LP of
colons from 6-week-old WT and TKTΔIEC mice (n= 3).
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and increasing reactive oxygen species (ROS) production [16, 17].
Therefore, we investigated whether TKT abrogation affected redox
status in the intestine. Unexpectedly, there was no difference in
colonic NADPH level between TKTΔIEC and WT mice (Fig. 7A).
Therefore, apoptosis induced by TKT deficiency in intestinal
epithelium is not due to NADPH alteration or oxidative stress.
In addition to ROS, cellular energy crisis is also an important

inducer of apoptosis [34]. We have found that TKT modulates
glucose and lipid metabolism to maintain energy balance in
adipose tissues [16]. Accordingly, we investigated whether TKT
deletion altered intestinal energy metabolism. To this end,
we first performed targeted detection of energy metabolomics
using colonic tissues from 4-week-old TKTΔIEC and WT mice. TKT
deficiency led to accumulation of R5P, ribulose-5-phosphate
(Ru5P) and Xu5P in the non-oxidative PPP, while levels of
glycolytic metabolites were significantly reduced (Fig. 7B–D),
consistent with our previous findings [16, 17]. Glucose is the major
carbon source for cellular energy generation [35]. Thus, the
reduction of glucose catabolism without compensatory fuel
utilization usually suppresses ATP production. In adipose tissues,
TKT deficiency causes significantly decreased glycolysis and a
compensatory increase of lipid and branched amino acid (BCAA)
catabolism to meet energy demands [16]. However, levels of
amino acids in TKT-deficient colonic tissues remained mostly
comparable with and even higher than those in controls (Fig. 7E).
Moreover, the expression of enzyme genes involved in fatty acid
oxidation (FAO) and BCAA catabolism was notably decreased in
TKT-deficient colonic tissues (Fig. 7F, G), which is different from
our findings in adipose tissues [16]. As a result, ATP production

was significantly decreased in colonic tissues of TKTΔIEC mice in
comparison with WT controls (Fig. 7H), which probably led to
intestinal epithelial apoptosis.

DISCUSSION
Our work has identified an unexpected role of TKT in maintaining
the energy status and integrity of the intestine. TKTΔIEC mice
spontaneously developed colitis, showing similar phenotypes to
IBD [36]. Interestingly, loss of TKT in intestinal epithelium leads to
excessive apoptosis and defective barrier function, which is
probably due to insufficient energy supply. Therefore, our work
has demonstrated that TKT-mediated glucose catabolism is
indispensable for intestinal cell survival and barrier function.
Extensive evidences have indicated that excessive apoptosis of

IECs contributes to the development of IBD by altering the
structural integrity, amplifying the mucosal immune responses
and perpetuating chronic intestinal inflammation [26, 27, 31, 37].
Therefore, regulation of apoptosis of IECs facilitates the intestinal
homeostasis. Consistently, in the present study, we discovered
that TKT deficiency aggravated intestinal epithelial apoptosis
(Fig. 5). Since the intestinal epithelium is self-renewed, the
maintenance of intestinal barrier requires a delicate and dynamic
balance between epithelial loss by apoptosis and new cell
generation by proliferation [4]. Nevertheless, although TKT
deletion indeed caused compensatory proliferation (Fig. 6A),
which might be due to R5P accumulation (Fig. 7B, C), the
hyperproliferation was ectopic and deregulated (Fig. 6B, D). Thus,
the balance between apoptosis and proliferation was disrupted,

Fig. 4 IEC TKT deletion disturbs barrier function of intestines. A Intestinal permeability was measured by determining the concentration of
FITC-dextran in blood serum (n= 5 for WTmice, n= 6 for TKTΔIEC mice). B QPCR analysis of the expression of genes related to tight junction in
colons (n= 7 for WT mice, n= 9 for TKTΔIEC mice) from 8-week-old WT and TKTΔIEC mice. C Western blotting analysis of proteins in colon
lysates from 3-week-old WT and TKTΔIEC mice (n= 3). D Representative images of colon sections stained with the indicated antibodies from
8-week-old WT and TKTΔIEC mice. Scale bars, 50 μm. E Electron micrographs of intestinal epithelial cells from proximal colon (top row) and
distal colon (bottom row) of WT and TKTΔIEC mice showing the tight junction structures. Arrows point to tight junction membrane kisses
which were disrupted in TKTΔIEC mice. Scale bars, 200 nm. Data are represented as mean ± SEM. Significance is determined by Student’s t test
analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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leading to defects in tight junction and barrier (Fig. 4).
Furthermore, the ectopic proliferation probably contributes to
the progression of ACF in older TKTΔIEC mice (Fig. 2D).
It has been reported that ROS can induce apoptosis and

intestinal epithelial damage [38]. Although ROS is increased in
TKT-deficient liver and adipose tissues due to the reduction of
NADPH and GSH according to our previous data [16, 17], TKT
ablation did not alter the level of NADP+/NADPH in the colonic
tissues (Fig. 7A). Moreover, administration of antioxidants N-
acetyl-cysteine (NAC) in drinking water failed to alleviate
symptoms in TKTΔIEC mice (data not shown). Given the special
role of intestinal microbiota in regulating NADPH production [39],

one possible explanation is that the intestine may have more
diverse ways to maintain NADP+/NADPH.
Apart from ROS, cellular ATP level is also an important

determinant for apoptosis. As a tightly regulated process,
apoptosis is an energy-requiring process, in which a variety of
ATP-dependent steps are involved, such as caspase activation,
enzymatic hydrolysis of macromolecules, chromatin condensation,
and apoptotic body formation [34, 40–42]. On the other hand,
when ATP falls below a certain level while there is still enough ATP
for apoptotic process, apoptosis ensues. However, when there is a
severe drop in cellular ATP, necrosis occurs [34, 41, 43]. Accord-
ingly, here in our study, loss of TKT gave rise to a moderate

Fig. 5 TKT abrogation leads to apoptosis in intestinal epithelium. A Gene ontology analysis of upregulated genes in colons of 4-week-old
WT and TKTΔIEC mice. B QPCR analysis of mRNA levels of apoptotic genes in colons from 3-week-old WT and TKTΔIEC mice (n= 5). C Colon
lysates were analyzed by western blotting (one mouse per lane) with the indicated antibodies from 3-week-old WT and TKTΔIEC mice.
D Representative images of colon sections stained with the cleaved caspase-3 antibody from 3-week-old WT and TKTΔIEC mice. Scale bars,
50 μm. E Representative images of TUNEL-stained colon sections of 3-week-old WT and TKTΔIEC mice. Scale bars, 75 μm. Data are represented
as mean ± SEM. Significance is determined by Student’s t test analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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decrease of ATP in the intestinal epithelium (Fig. 7H), probably
accounting for the increase of epithelial apoptosis.
Glucose, a major source of ATP for multicellular organisms, can

be metabolized by both glycolysis and PPP. Our previous findings
have shown that TKT inactivation disturbs the crosstalk between
the two pathways, causing accumulation of PPP metabolites and
reduction of glycolytic metabolites [16, 17], which indicates a
decrease of glucose-derived ATP production. Consistently, TKT
deletion reduced the metabolite levels of glycolysis in the
intestinal epithelium (Fig. 7B, D). However, in contrast to adipose
tissues, TKT deficiency in intestines downregulated the enzymatic
genes involved in FAO and BCAA catabolism (Fig. 7F, G). As a
result, intestinal epithelial ATP declined due to TKT loss (Fig. 7H),
which induced apoptosis. It will be worthwhile to figure out why
other fuels such as fatty acids and amino acids fail to compensate
for reduced glucose catabolism in the future.
In summary, our study has demonstrated for the first time that,

TKT serves as a safeguard to maintain intestinal homeostasis and
barrier function by regulating ATP production and apoptosis
(Fig. 8). These findings may provide new insights into the
physiology and pathology of the gut as well as designing
therapeutic targets for clinical intestinal disorders.

MATERIALS AND METHODS
Animals
Intestinal epithelium-specific TKT knockout mice were generated by crossing
Tktfl/fl mice [17] and Villin-Cre mice (Shanghai Biomodel Organism Science &
Technology Development Co., Ltd.). All mice were in C57BL/6J background.
Mice were housed in a temperature-controlled environment at constant
room temperature (22 °C) under a 12 h light/dark cycle with free access to
water and food. All animal experiments were approved by the Shanghai Jiao
Tong University School of Medicine Animal Care and Use Committee.

Isolation of intestinal crypts
Crypts were isolated as previously described [44]. Briefly, the fresh large
intestine without cecum was isolated, dissected, opened longitudinally,

and cut into 1 cm pieces. Next, these pieces were washed thoroughly with
ice-cold PBS three times and further chopped into 5mm pieces, followed
by incubation in 5mM EDTA/PBS at 4 °C on a rocking platform for 30min.
Crypts were released by shaking the tubes for 2 min and were collected by
centrifuging at 200 × g for 10 min at 4 °C.

Histological analysis
Fresh tissues were fixed in 4% paraformaldehyde, embedded in paraffin,
cut into 4-μm sections. Then the sections were used for hematoxylin-eosin
(H&E) staining or Alcian blue and periodic-acid Schiff (AB-PAS) staining
according to the manufacturer’s instructions. For immunohistochemistry
(IHC) staining, the sections were stained with the antibodies listed in
Supplementary Table S1.

TUNEL assay
Apoptosis was detected in paraffin-embedded colon samples using the
One Step TUNEL Apoptosis Assay Kit (C1086, Beyotime) according to the
manufacturer’s instructions.

ATP quantitative detection
Intestinal epithelial cells were isolated from fresh colonic tissues and then
the ATP detection kit (S0026, Beyotime) was used to detect the level of ATP
according to the manufacturer’s instructions.

Analysis of intestinal permeability in mice
In vivo intestinal permeability was determined as previously described 25.
Briefly, mice were starved overnight, and FITC-dextran (Sigma #FD4) was
administered by oral gavage (44mg/100 g body weight). After 4 h, mice
were anesthetized and blood was collected. The concentration of FITC in
serum was determined by spectrophotofluorimetry, with an excitation
wave length of 485 nm and an emission wave length of 528 nm, using
serially diluted FITC-dextran as standard.

RNA extraction and quantitative PCR (qPCR)
Total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies)
from tissues according to the manufacturer’s instructions. Complementary
DNA was synthesized using the PrimeScript RT reagent kit (Takara),
and qPCR was performed in triplicates using SYBR Green PCR reagents

Fig. 6 TKT abrogation induces ectopic hyperproliferation in intestinal epithelium. A QPCR analysis of Ki67 expression in colons from
8-week-old WT and TKTΔIEC mice (n= 7 for WT mice, n= 9 for TKTΔIEC mice). B Representative images of colon sections stained with the Ki67
antibody from 8-week-old WT and TKTΔIEC mice. Scale bars, 100 μm. C Schematic procedure of the BrdU pulse-chase experiment.
D Representative images of colon sections stained with the BrdU antibody from 8-week-old WT and TKTΔIEC mice i.p. injected with BrdU 4 h
before euthanization. Scale bars, 50 μm. Data are represented as mean ± SEM. Significance is determined by Student’s t test analysis, *P < 0.05,
**P < 0.01, ***P < 0.001.
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(Takara) on an ABI Stepone Plus system (Applied Biosystems). Relative
mRNA expression level was determined using the ΔΔCt method with 18s
rRNA as the internal reference. Sequences of the qPCR primers used are
listed in Supplementary Table 2.

Protein extraction and western blotting analysis
Total protein was extracted from tissues using the lysis buffer containing
50mM Tris-HCl (pH 8.0), 150mM NaCl, 1% NP-40, 0.5% sodium
Deoxycholate and 1% SDS. After centrifugation at 13,000 rpm for 15min,

Fig. 7 Loss of TKT causes insufficient energy supply in the intestine. A NADP+/NADPH levels in colons of 3-week-old WT and TKTΔIEC mice
(n= 5). B Heat map of metabolites in glycolysis, PPP, TCA cycle and amino acids in colons of 4-week-old WT and TKTΔIEC mice. C Relative levels
of PPP metabolites in colons of 4-week-old WT and TKTΔIEC mice (n= 5). D Relative levels of glycolytic metabolites in colons of 4-week-old WT
and TKTΔIEC mice (n= 5). E Relative levels of amino acids in colons of 4-week-old WT and TKTΔIEC mice (n= 5). F QPCR analysis of mRNA levels
of FAO-related genes in colons of 3-week-old WT and TKTΔIEC mice (n= 5). G QPCR analysis of mRNA levels of enzyme genes for BCAA
catabolism in colons of 3-week-old WT and TKTΔIEC mice (n= 5). H Levels of colonic ATP of 3-week-old WT and TKTΔIEC mice (n= 6). Data are
represented as mean ± SEM. Significance is determined by Student’s t test analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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supernatants were collected for protein determinations and SDS-PAGE
analysis.

BrdU pulse-chase experiment
Proliferation rates were determined by administering mice with 80mg/kg
BrdU (bromodeoxyuridine) intraperitoneally 4 h before euthanization.
Segments of mouse colons were opened longitudinally, rinsed in PBS,
fixed in paraformaldehyde, and embedded in paraffin. Immunohistochem-
istry was used to detect BrdU-labeled cells in colons.

Isolation of lamina propria cells
Mice were sacrificed and the colons were removed and cut into 4–5 cm
pieces. The pieces were washed with ice-cold PBS and incubated in 5ml
pre-digestion solution (1X PBS containing 5 mM EDTA and 1mM DTT) for
30min at 37 °C with slow rotation (180 rpm) before being passed through
a 40 μm cell strainer. The remaining tissues were cut into 1mm pieces and
incubated with 100 U/ml collagenase VIII and 0.8 mg/ml DNase I at 37 °C
for 1 h. The supernatant was passed through a 40 μm cell strainer and cells
were collected by centrifuging at 300 × g for 5 min at 4 °C.

Flow cytometric analysis
Cells were isolated from mouse colons and dead cells were excluded by
Fixable viability Dye eFluor 780 staining. For the analysis of surface
markers, cells were stained in PBS containing 2% FBS and 2mM EDTA. To
determine cytokine expression of neutrophils, cells were stimulated with
LPS (125 ng/ml) at 37 °C for 2 h. For lymphocytes, cells were stimulated
with PMA and ionomycin in the presence of Golgi stop agent to detect
intracellular cytokine production. After stimulation, cells were stained with
antibodies against surface markers and Fixable viability Dye eFluor 780,
fixed and permeabilized with Intracellular fixation buffer, following by
staining with cytokine antibodies. All samples were acquired with an
LSRFortessa X-20 cell analyzer (BD Bioscience) and analyzed with FlowJo
software (TreeStar). Monoclonal antibodies against mouse proteins
including APC-conjugated CD45, PerCP-Cy5.5-conjugated CD45, PerCP-
Cy5.5-conjugated TCRβ, PE-conjugated CD19, FITC-conjugated NK1.1,
BV421-conjugated CD4, PE-Cy7-conjugated CD8, BV785-conjugated
CD11b, PerCP-Cy5.5-conjugated CD11c, BV650-conjugated Ly6G, PE-Cy7-
conjugated Ly6C, BV510-conjugated MHC II, PE-conjugated CD64,

PE-conjugated TNFα and APC-conjugated IL-1β were purchased from
eBioscience, BD Bioscience or Biolegend. The antibodies were listed in
Supplementary Table 1.

RNA-seq analysis
Total RNA was extracted from WT and TKT-deficient colons. The mRNA was
isolated with Oligo Magnetic Beads and randomly interrupted using
divalent cation in NEB Fragmentation Buffer for cDNA synthesis. Libraries
were generated using the NEBNext UltraTM RNA Library Prep Kit following
the manufacturer’s instructions. Sequencing was conducted using the
Illumina Hiseq XTEN platform.

Metabolomics profiling
50mg of samples were homogenized in precooled extractant of 70%
methanol aqueous solution, followed by centrifugation at 12,000 rpm for
10min at 4 °C. 200 μL of supernatant was subjected to LC-MS/MS analysis.
2 μL sample was injected for each analysis. A SeQuant ZIC-pHILIC column
(5 µm, 2.1 × 100mm) was used for separation at 40 °C. The mobile phase
consisted of solution A (water with 5mmol/L ammonium acetate and
5mmol/L ammonia solution) and solution B (acetonitrile).

Determination of inflammatory cytokines
Levels of serum IL-6 and TNFα were determined using the kits shown in
Supplementary Table 1, according to the manufacturer’s instructions.

Statistical analysis
All the replicate experiments are biological replicates, which were
repeated at least three times. Data are represented as mean ± SEM.
Statistical significance was assessed by two-tailed Student’s t test. The
Kaplan–Meier survival data were analyzed by log-rank test. Analysis was
made using GraphPad Prism 6.0 software. P < 0.05 was considered
statistically significant.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article.
Further details are available from the corresponding author upon request.

Fig. 8 Graphical model. TKT serves as a safeguard to maintain intestinal homeostasis and barrier function by regulating ATP production and
apoptosis.
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