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Previous studies of intestinal inflammation have identified 
aberrant pathways that disrupt the homeostasis of the 
intestinal microenvironment. Loss of intestinal epithelial 
cell (IEC) barrier function, microbiota infiltration, and 
epithelial regeneration have been well characterized and 
correlated with dysregulated inflammatory responses in 
both patients and murine models (1). The role metabolic 
pathways play during the pathogenesis of inflammatory 
bowel disease (IBD), however, is not well-defined due to 
the multifaceted interaction during the disease progression 
between the host’s IECs, microbiota, immune cells, location, 
and environment (2). Treatment of IBD includes targeting 
multiple pro-inflammatory cytokines, including TNFα and 
IL-17A (3). While anti-IL-17A antibody therapy failed in 
clinical trials, anti-TNFα antibodies, such as infliximab and 
adalimumab, are now established treatments of IBD (4). 

Paneth cells (PCs) play an essential role in maintaining 
an intestinal stem cell (ISC) niche, and their inclusion in 
co-culture is sufficient to improve the efficiency of ISC 
organoid development (5). Furthermore, the addition of 
a Wnt secretion inhibitor (PORCN) inhibited organoid 
proliferation, suggesting a role of PCs in shaping the ISC 
niche through secretory granules (5). PCs also play an 
important role in regulating microbiota populations through 
the secretion of essential antimicrobial peptides (AMPs) and 
lysozyme (LYZ) upon contact with pathogenic microbes (6). 
In a novel study, Liu et al. analyzed the prevalence of PCs in 
intestinal biopsy specimens of Crohn’s disease (CD) patients 
and concluded that PC abnormalities correlated with the 

presence of microbiota dysbiosis (7). As such, two major PC 
functions, maintenance of the ISC niche and antimicrobial 
activity, are reliant on secretory granule production.

Many studies have also shown the association of 
impaired intestinal mucosal function in IBD patients 
with mitochondrial metabolic pathways, such as limited 
β-oxidation of butyrate (8). Santhanam et al. reported 
an important finding that acetoacetyl CoA thiolase, a 
mitochondrial enzyme that catalyzes the final step of 
butyrate oxidation, has markedly reduced activity in the 
colonic epithelium of ulcerative colitis (UC) patients (9). 
Many others have reported additional mitochondria-
associated features in IBD, including increased reactive 
oxygen species (ROS), reactive nitrogen species (RNS), and 
mitochondrial stress, but the role of aberrant mitochondrial 
function in IBD pathogenesis remains unclear (10).

Mitochondria-related findings have been widely 
described in several different metabolic diseases. Many 
of the hallmark phenotypes of these diseases include 
mutations in the mitochondrial DNA (mtDNA), increased 
ROS production, and decreased ATP output (10). These 
mitochondria-related findings are often secondary outcomes 
of impaired protein folding. As previously published by 
Berger et al., the mitochondrial unfolded protein response 
(MT-UPR) resulted in the loss of the mitochondrial 
chaperone protein Hsp60 and decreased ISC stemness and 
proliferation (11). Others have shown that the absence 
of a MT-UPR response in interferon-inducible double-
stranded-RNA-activated protein kinase (Pkr)-deficient 
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mice protects the intestinal epithelium from dextran sulfate 
sodium (DSS)-induced colitis (12).

The paper by Khaloian et al. now provides insight on 
possible links between mitochondrial and PC dysfunction 
in CD pathogenesis. As mentioned in the paper, several 
genetic risk variants of CD-relevant genes involved in 
autophagy, bacterial-sensing, endoplasmic stress (ER) 
response, and Wnt signaling have been shown to affect PC 
function and are particularly associated with ileal CD (13). 
However, whether ileal CD is a disease of PC dysfunction 
or is a non-causal, secondary manifestation of CD 
pathogenesis remains unknown. Although previous works 
have extensively characterized the morphology of PCs or 
the pathways associated with mitochondrial metabolism, 
there is a lack of connection between these two fields in 
understanding the pathogenesis of ileal CD. Khaloian et al. 
specially addressed this issue. 

Leveraging the phenotypic heterogeneity in TNF∆ARE 
mice, the authors found that both presence of LYZ+ PCs and 
percentage of highly granular PCs inversely correlated with 
the grade of CD-like inflammation. These inflammatory 
shifts were accompanied by a reduction in ISC stemness, 
indicated by reduced Lgr5 and Olfm4 crypt expression.

In order to see if these findings are present clinically, 
the authors proceeded to stain 70 CD ileal resection 
tissue margins, classified as inflamed or non-inflamed at 
the time of surgery, for LYZ protein level and Lgr5 gene 
expression. Consistent with the findings in their mouse 
models, the numbers of LYZ+ PCs and highly granular PCs 
were significantly reduced in tissue margins classified as 
inflamed at the time of resection. Interestingly, the authors 
also observed an increase in the number of LYZ+ cells in the 
upper crypt, defined as above the +6 position, in inflamed 
compared to non-inflamed tissue margins. The LYZ+ cells in 
the upper crypt were accompanied by a reduction of crypts 
with high Lgr5 expression, indicating an inflammation-
induced aberrant ISC niche structure.

As the authors noted and validated within their own 
cohort, inflammation in ileal tissue resection margins was 
predictive of subsequent endoscopic recurrence. Non-
inflamed ileal tissue resection margins, however, seemed 
to carry little prognostic value, as 44% of these patients 
developed recurrent disease. Motivated by the possibility 
that non-inflamed regions may already be undergoing 
pathologic changes on a molecular level, the authors again 
turn to LYZ staining and Lgr5 in situ hybridization. Here, 
the authors demonstrated that a higher number of LYZ+ 
cells in the upper crypts and decreased PC granularity 

in non-inflamed-classified samples were predictive of 
endoscopic recurrence. Although these findings likely 
need to be validated in an independent and larger 
cohort, they lend excitement to the potential of utilizing 
molecular markers to stratify patients on a scale finer than 
inflammation status and at a time point before such macro 
changes even develop. It is worth noting that the authors 
found no further predictive value of these characterizations 
for inflamed ileal resection margins, indicating that these 
might be early molecular signs of inflammatory changes. 

Phenotypic PC changes have been described in 
association with impaired mitochondria, and IEC MT-
UPR stress signaling has been observed in both IBD 
patients and mouse models of colitis (12). In agreement 
with these findings, TNF∆ARE mice were found by 
transmission electron microscope to have PCs that were 
markedly reduced in numbers with morphologic changes, 
including secretory granules with broadened halos, 
intracytoplasmic vacuolations, and dilation of rough ERs. 
Furthermore, in isolated crypts from TNF∆ARE mice, 
the authors identified increased levels of the MT-UPR 
proteins, Hsp60 and Pkr, with an increase in transcription 
of genes indicative of mitochondrial disturbance. These 
transcriptional changes were accompanied by degenerative 
mitochondrial alterations, such as mitochondrial swelling 
with dissolution, disruption of cristae, loss of matrix 
density, and occasional formation of intramitochondrial 
electron-dense inclusions, shown by transmission electron 
microscopy. These observations lend credence to the 
application of TNF∆ARE mice to model and understand IBD-
associated mitochondrial and PC dysfunction. Given the 
earlier observation that inflammatory grade correlates with 
reduced stemness, in addition to PC absence, in TNF∆ARE 

mice, these findings raise the question of how mitochondrial 
impairment, PC abnormalities, and reduced ileal crypt 
stemness might be connected.

To further probe these mechanisms, the authors utilize 
the Hsp60flox/flox × Lgr5-eGFP-IRES-CreERT2-Tg (Hsp60∆/∆ISC) 
mouse model, wherein tamoxifen administration causes 
mitochondrial dysfunction within Lgr5+ ISCs through 
deletion of Hsp60. Deficiency of Hsp60, the main 
chaperone of the mitochondrial matrix, leads to disturbed 
mitochondrial proteostasis and activation of MT-UPR 
signaling. In line with previous experiments in TNF∆ARE 
mice, Hsp60 ablation in Lgr5+ ISCs led to decreased 
proportion of highly Lgr5 expressing crypts, decreased ISC 
proliferation, and decreased PC granularity. Additionally, 
efforts to characterize PCs by LYZ staining and Lgr5  
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in situ hybridization revealed a decrease in Lgr5−LYZ+ cells 
with an increase in Lgr5+LYZ+ double-positive cells in the 
crypt base. Staining for Hsp60 revealed that Hsp60− cells 
originated directly from Lgr5+ cells that had undergone 
Hsp60 deletion-induced mitochondrial dysfunction, and the 
ratio of LYZ+ cells within this Hsp60− population increased 
from day 0 to 2. From this, the authors describe a potential 
model in which Hsp60 deletion-induced mitochondrial 
dysfunction within Lgr5+ ISCs can initiate a transition to a 
double-positive Lgr5+LYZ+ PC-like phenotype, but cannot 
complete the differentiation process to mature PCs due to 
the mitochondrial impairment.

Lastly, the authors observe that crypt cells from 
inflamed but not non-inflamed TNF∆ARE mice fail to 
grow into organoids. Addition of exogenous Wnt factors 
into media could not induce organoid formation from 
inflamed TNF∆ARE mice, and the authors reasoned that 
mitochondrial impairment within these inflamed crypts 
prevented oxidative phosphorylation necessary for organoid 
development. To test this, the authors apply dichloroacetate 
(DCA), which targets the pyruvate dehydrogenase complex 
to shift ATP generation from glycolysis to oxidative 
phosphorylation, to culture media and successfully rescued 
the capacity of inflamed TNF∆ARE-derived ileal crypt cells 
to form organoids. These data revealed that interventions 
shifting cells away from a glycolytic state can help overcome 
inflammation-induced mitochondrial dysfunction in 
ileal crypt cells from inflamed TNF∆ARE mice to restore 
stemness and offer support for the potential of metabolic 
reprogramming therapies for IBD.

The authors, in establishing connections between 
TNF∆ARE, Hsp60∆/∆ISC, and CD ileal resection samples, 
proposed a novel model wherein inflammation-induced 
mitochondrial dysfunction serves as an upstream initiator 
for the aberrant PC distribution and phenotypes in colitis. 
While the study demonstrates the capacity of Hsp60− 
metabolically disrupted ISCs to give rise to premature, 
Lgr5+LYZ+ PC-like cells within the crypt bases, the question 
as to whether these are direct precursors to the upper crypt, 
LYZ+ cells seen in TNF∆ARE and CD ileal resection samples 
persists. Further studies might consider utilizing intestinal 
ISC mitochondrial dysfunction models, such as Hsp60∆/∆ISC, 
in concert with lineage tracing to confirm whether these 
Lgr5+LYZ+ PC-like cells within the crypt bases eventually 
travel to and replicate the LYZ+ upper crypt patterning in colitis. 
That being said, the authors consider three major features 
observed in IBD—mitochondrial dysfunction, PC impairment, 
and dysregulated TNFα—and present a potentially exciting, 

new mechanistic bridge to be further studied.
In summary, Khaloian et al. have utilized the Hsp60∆/∆ISC 

and TNF∆ARE mouse models to provide novel insight into the 
role of mitochondrial functions in maintaining homeostasis 
of the ISC niche. Their novel findings of aberrant PC 
development due to abnormal ISC mitochondrial function 
connect part of the gapping knowledge between metabolism 
and IBD pathogenesis. Furthermore, many of their 
identified, phenotypic features were also observed within 
their cohort of CD ileal tissue resection margins. As stated 
by the authors, many of the widely accepted colitis mouse 
models, such as DSS- or irradiation-induction, demonstrate 
an acute response to injury with a regenerative process that 
is not representative of that during chronic inflammation. 
The rapid onset of regeneration in these acute colitis 
models fails to capture the pattern of gradual pathogenesis 
of the ISC niche and subsequent ISC stemness exhaustion, 
as is evidenced by the enhanced capacity to form organoids 
from cells derived from the crypts of DSS-treated mice (14).  
Furthermore, the authors present a novel finding that 
shifting the metabolic pathways of the ISC mitochondria 
towards oxidative phosphorylation can restore stemness 
within the setting of TNF∆ARE organoids and provide 
potential new avenues from which to target and restore 
intestinal homeostasis as a treatment for CD. 

Acknowledgments

Funding: This work was supported by grants from the NIH 
of the United States (DK052230 and CA084197).

Footnote

Provenance and Peer Review: This article was commissioned 
by the editorial office, Digestive Medicine Research. The 
article did not undergo external peer review. 

Conflicts of Interest: All authors have completed the 
ICMJE uniform disclosure form (available at http://dx.doi.
org/10.21037/dmr-2020-15). The authors have no conflicts 
of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

 
Open Access Statement: This is an Open Access article 

http://dx.doi.org/10.21037/dmr-2020-15
http://dx.doi.org/10.21037/dmr-2020-15


Digestive Medicine Research, 2020Page 4 of 4

© Digestive Medicine Research. All rights reserved. Dig Med Res 2020;3:98 | http://dx.doi.org/10.21037/dmr-2020-15

distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1.	 McCole DF, Barrett KE. Varied role of the gut epithelium 
in mucosal homeostasis. Curr Opin Gastroenterol 
2007;23:647-54. 

2.	 Franzosa EA, Sirota-Madi A, Avila-Pacheco J, et al. Gut 
microbiome structure and metabolic activity in inflammatory 
bowel disease. Nat Microbiol 2019;4:293-305. 

3.	 Gunasekera DC, Ma J, Vacharathit V, et al. The 
development of colitis in Il10(-/-) mice is dependent on 
IL-22. Mucosal Immunol 2020;13:493-506. 

4.	 D'Amico F, Pugliese N, Peyrin-Biroulet L, et al. Efficacy 
of anti-TNFalpha drugs in patients with stricturing 
Crohn's disease. Expert Rev Gastroenterol Hepatol 
2020;14:347-53.

5.	 Sato T, van Es JH, Snippert HJ, et al. Paneth cells 
constitute the niche for Lgr5 stem cells in intestinal crypts. 
Nature 2011;469:415-8. 

6.	 Ouellette AJ. Paneth cell alpha-defensin synthesis and 

function. Curr Top Microbiol Immunol 2006;306:1-25. 
7.	 Liu TC, Gurram B, Baldridge MT, et al. Paneth cell 

defects in Crohn's disease patients promote dysbiosis. JCI 
Insight 2016;1:e86907. 

8.	 Roediger WE. The colonic epithelium in ulcerative colitis: 
an energy-deficiency disease? Lancet 1980;2:712-5. 

9.	 Santhanam S, Venkatraman A, Ramakrishna BS. 
Impairment of mitochondrial acetoacetyl CoA thiolase 
activity in the colonic mucosa of patients with ulcerative 
colitis. Gut 2007;56:1543-9. 

10.	 Novak EA, Mollen KP. Mitochondrial dysfunction 
in inflammatory bowel disease. Front Cell Dev Biol 
2015;3:62. 

11.	 Berger E, Rath E, Yuan D, et al. Mitochondrial function 
controls intestinal epithelial stemness and proliferation. 
Nat Commun 2016;7:13171. 

12.	 Rath E, Berger E, Messlik A, et al. Induction of dsRNA-
activated protein kinase links mitochondrial unfolded 
protein response to the pathogenesis of intestinal 
inflammation. Gut 2012;61:1269-78.

13.	 Khaloian S, Rath E, Hammoudi N, et al. Mitochondrial 
impairment drives intestinal stem cell transition into 
dysfunctional Paneth cells predicting Crohn's disease 
recurrence. Gut 2020;69:1939-51.

14.	 Schmitt M, Schewe M, Sacchetti A, et al. Paneth Cells 
Respond to Inflammation and Contribute to Tissue 
Regeneration by Acquiring Stem-like Features through 
SCF/c-Kit Signaling. Cell Rep. 2018;24:2312‐2328.e7.

doi: 10.21037/dmr-2020-15
Cite this article as: Shieh J, Kobayashi S, Yang VW. Aberrant 
differentiation of intestinal stem cells due to inflammation-
induced mitochondrial dysfunction predicts postoperative 
recurrence of Crohn’s disease. Dig Med Res 2020;3:98. 

https://creativecommons.org/licenses/by-nc-nd/4.0/

