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Abstract 

Background Intestinal epithelial cell (IEC) mitochondrial dysfunction involvement in inflammatory bowel dis-
eases (IBD), including Crohn’s disease affecting the small intestine, is emerging in recent studies. As the interface 
between the self and the gut microbiota, IECs serve as hubs of bidirectional cross-talk between host and luminal 
microbiota. However, the role of mitochondrial-microbiota interaction in the ileum is largely unexplored. Prohibitin 1 
(PHB1), a chaperone protein of the inner mitochondrial membrane required for optimal electron transport chain func-
tion, is decreased during IBD. We previously demonstrated that mice deficient in PHB1 specifically in IECs (Phb1i∆IEC) 
exhibited mitochondrial impairment, Paneth cell defects, gut microbiota dysbiosis, and spontaneous inflamma-
tion in the ileum (ileitis). Mice deficient in PHB1 in Paneth cells (epithelial secretory cells of the small intestine; 
Phb1∆PC) also exhibited mitochondrial impairment, Paneth cell defects, and spontaneous ileitis. Here, we determined 
whether this phenotype is driven by Phb1 deficiency-associated ileal microbiota alterations or direct effects of loss 
of PHB1 in host IECs.

Results Depletion of gut microbiota by broad-spectrum antibiotic treatment in Phb1∆PC or Phb1i∆IEC mice revealed 
a necessary role of microbiota to cause ileitis. Using germ-free mice colonized with ileal microbiota from Phb1-defi-
cient mice, we show that this microbiota could not independently induce ileitis without host mitochondrial dysfunc-
tion. The luminal microbiota phenotype of Phb1i∆IEC mice included a loss of the short-chain fatty acid butyrate. Sup-
plementation of butyrate in Phb1-deficient mice ameliorated Paneth cell abnormalities and ileitis. Phb1-deficient ileal 
enteroid models suggest deleterious epithelial-intrinsic responses to ileal microbiota that were protected by butyrate.

Conclusions These results suggest a mutual and essential reinforcing interplay of gut microbiota and host IEC, 
including Paneth cell, mitochondrial health in influencing ileitis. Restoration of butyrate is a potential therapeutic 
option in Crohn’s disease patients harboring epithelial cell mitochondrial dysfunction.
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Introduction
Crohn’s disease is a type of inflammatory bowel disease 
(IBD) that is marked by chronic inflammation of the gas-
trointestinal (GI) tract, abdominal pain, diarrhea, and 
fatigue [1]. Crohn’s disease can affect the entire GI tract 
with discontinuous, transmural inflammation includ-
ing characteristic histological granulomas, with ~ 75% of 
Crohn’s disease patients exhibiting inflammation involv-
ing the distal small intestine (the ileum). The prevalence 
of Crohn’s disease has been increasing steadily worldwide 
with the highest increase in the USA and other West-
ernized nations [2]. Although the etiology of IBD is not 
known, it is associated with complex genetic susceptibil-
ity, immune hyperactivity in response to gut microbiota, 
and environmental factors that can vary by geographical 
location.

It is well-accepted that IBD is associated with decreased 
diversity in the intestinal microbiota [3, 4]. Host intestinal 
epithelial cells (IECs) such as goblet cells and Paneth cells 
secrete factors such as mucins and antimicrobial peptides 
(AMPs) that contribute to the maintenance of a healthy 
relationship between gut microbiota and the intestinal 
tissue. Paneth cells are a crucial source of AMPs, includ-
ing lysozyme, α-defensins (cryptdins in mice), and secre-
tory phospholipase  A2, that shape the gut microbiota 
composition [5]. Several Crohn’s disease susceptibil-
ity genes converge on Paneth cell dysfunction including 
ATG16L1, LRRK2, IRGM, XBP1, and NOD2, and there is 
a lack of Paneth cell α-defensins in ileal Crohn’s disease 
[6, 7]. Microbe-derived metabolites include short-chain 
fatty acids (SCFAs), of which the most abundant are ace-
tic, propanoic, and butyric acids that are produced via 
bacterial fermentation and interact with IECs as well as 
the mucosal immune cells to promote intestinal homeo-
stasis [8, 9]. Butyrate is the most studied SCFA and has 
been shown to play a role in maintaining barrier integrity, 
dampening inflammation by modulating the immune 
system, altering histone deacetylase (HDAC) activity, and 
providing a carbon energy source to IECs [10]. Loss of 
butyrate synthesis has been noted in IBD patients [11].

Emerging studies implicate the involvement of mito-
chondrial dysfunction in IBD [12–16]. Consistent with 
the mitochondria serving as the powerhouse of the cell, 
it has long been proposed that failure to procure energy 
from the microbiota (i.e., “the starved gut hypothesis”) 
is a driving force in the pathogenesis of IBD [17, 18]. 
We recently demonstrated that during active Crohn’s 
disease inflammation, the epithelium exhibited mito-
chondrial damage evident in Paneth cells, goblet cells, 
and enterocytes [19]. We previously generated a mouse 
model of intestinal epithelial mitochondrial dysfunction 
via the deletion of PHB1 (Phb1i∆IEC mice) [20], which is 
a chaperone protein required for optimal activity of the 

electron transport chain that exhibits a loss of expression 
in mucosal biopsies of IBD-afflicted patients [21–23]. 
Phb1i∆IEC mice developed spontaneous ileitis that was 
preceded by mitochondrial dysfunction in all epithe-
lial cells, gut microbiota dysbiosis, and early abnormali-
ties in Paneth cells [20]. Abnormalities in Paneth cells of 
Phb1i∆IEC mice included decreased expression of AMPs, 
altered lysozyme staining patterns, and increased alcian 
blue and muc2 staining, suggesting that Paneth cells in 
these mice take on an “intermediate” goblet/Paneth cell 
type [20]. Deletion of PHB1 specifically in Paneth cells 
driven by Defα6Cre or Mist1CreERT2 (Phb1∆PC) was suf-
ficient to induce Paneth cell defects and ileitis in mice. 
Twenty to 50% of Crohn’s disease patients manifest 
Paneth cell defects that correlate with worse clinical 
outcomes and gut microbiota dysbiosis [24–26]. Inde-
pendent of inflammation, Crohn’s disease patients with 
Paneth cell defects exhibit a high proportion of altered 
mitochondria in these cells [19]. Nevertheless, the role of 
gut microbiota in driving inflammation during impaired 
IEC or Paneth cell mitochondrial health is not well-elu-
cidated. In the present study, we investigated the role of 
the mitochondrion-microbiome axis in mouse models of 
spontaneous ileitis driven by the loss of Phb1 expression.

Materials and methods
Animal models
Phb1fl/fl, Phb1ΔPC, and Phb1iΔIEC C57BL/6  J mice with 
constitutive PHB1 deletion in Paneth cells (Phb1ΔPC 
driven by Defα6-Cre) or inducible Phb1 deletion in intes-
tinal epithelial cells (Phb1iΔIEC driven by Villin-CreERT2) 
were previously described [20]. All experiments were 
conducted with age- and gender-matched littermate mice 
under co-housing or alone-housing by genotype condi-
tions based on the individual experiment. All experi-
ments were approved by the University of Colorado 
Anschutz Medical Campus Institutional Animal Care 
and Use Committee.

Induction of Phb1 deletion from intestinal epithelial cells
Eight-week-old Phb1fl/fl and Phb1iΔIEC male and female 
littermate mice were intraperitoneally injected daily 
with 100  µl of 10  mg/ml tamoxifen (Sigma-Aldrich, St. 
Louis, MO) for 4 consecutive days to induce deletion of 
the Phb1 gene. Tamoxifen injections were repeated every 
3–4 weeks to guarantee continuity of PHB1 deletion [27]. 
Body weight was measured weekly. Mice were sacrificed 
12 weeks following the initial tamoxifen injection.

16S rRNA sequencing
Ileal luminal contents were collected from Phb1fl/fl, 
Phb1ΔPC, and Phb1iΔIEC mice at 20  weeks of age upon 
sacrifice. Bacterial DNA was extracted using the Qiagen 
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DNeasy PowerSoil Pro DNA isolation Kit (Maryland, 
USA) according to the manufacturer’s instructions with 
two additions to enhance cell lysis. First, a 10-min incu-
bation at 65  °C was added prior to manual agitation, 
and second, a benchtop homogenizer was used in place 
of vortexing. The amplicon library was prepared for the 
16S rRNA V4 region, and the library was constructed 
using Illumina DNA prep. Quality control for the com-
pleted libraries was conducted using a combination of 
PicoGreen (Thermo), Qubit (Invitrogen), and Fragment 
Analyzer (Agilent, and Tapestation (Agilent). Twenty-five 
cycles were used for PCR amplification. As a part of the 
internal QC process and at each step of the sequencing 
process, positive (20-strain bacterial mock community 
control sample: MSA2002, ATCC) and negative (blank) 
controls were included. Data were demultiplexed using 
bbduk.sh (BBMap, version 38.82), removing Illumina 
adapters, PhiX reads, and reads with a Phred quality 
score < 15 and length < 100  bp after trimming. All chi-
meric reads were screened out, and quality-controlled 
reads were merged using bbmerge.sh. Then, all reads 
were combined into a single FASTA file for further anal-
ysis. Raw data files in binary base call (BCL) format are 
converted into FASTQs and demultiplexed based on the 
single-index barcodes using the Illumina bcl2fastq soft-
ware (CMMR, Baylor College of Medicine; https:// data. 
jplab. net/ EipsK gQV/ index. html).

For studies using germ-free rederivation, the V4 region 
(515f.-806r; FWD: GTG CCA GCMGCC GCG GTAA; 
REV: GGA CTA CHVGGG TWT CTAAT) of the 16S 
rDNA gene was amplified using Accustart II PCR Super-
Mix (Quantabio). Primer construction and amplification 
followed the Earth Microbiome Project (www. earth micro 
biome. org) protocol. Amplified barcoded DNA frag-
ments were quantified using a PicoGreen assay (Invitro-
gen) and equal amounts (ng) of DNA from each sample 
were pooled. The aggregate pool was sequenced using 
a V2 2 × 250 kit on the Illumina MiSeq platform (San 
Diego, CA) at the University of Colorado Anschutz Med-
ical Campus using the Mucosal Immunobiology Core, 
Center for Mucosal Immunology and Rheumatic Disease 
Pathogenesis (CMIR). 16S rRNA amplicons were demul-
tiplexed using QIIME2 and then denoised into ASVs 
using DADA2.

Gas chromatography‑mass spectrometry (GC–MS) 
of short‑chain fatty acids (SCFAs)
Using the Analytical Resource Core (ARC) – Bioanalysis 
and Omics, Colorado State University, short-chain fatty 
acids were determined by GC–MS using the method 
described by Lotti et al. [28] with modifications. Briefly, 
fecal water was prepared on dry ice by weighing ileal 
content samples into a 2-ml homogenization tube with 

a stainless steel bead. An equal volume of ice-cold PBS 
was added, and the sample was homogenized on a Qia-
gen Tissuelyser (Qiagen, Germantown, MD) for 2  min 
at 50 Hz. The samples were centrifuged at 14,000 × g for 
10  min at 4  °C, and the supernatant was removed and 
either prepared for GC/MS analysis immediately or fro-
zen at − 70 °C.

The fecal water was prepared for GC/MS analysis by 
aliquoting 50 µl into a 2-ml microcentrifuge tube, adding 
10 µl of acidified water (15% phosphoric acid), 20 µl of 
internal standard (45-µM acetic acid-d4, 10-mM propa-
noic acid-d6, and 10-mM butyric acid-d7 in methyl tert 
butyl ether), and 1 ml of methyl tert butyl ether (MTBE). 
The samples were vortexed vigorously for ~ 5 s and then 
placed on an orbital shaker for 5 min. The aqueous and 
organic phases were allowed to separate, and then, the 
upper organic (MTBE) layer was transferred to an amber 
autosampler vial with a screw cap. GC–MS analysis was 
performed on an Agilent 7890 GC interfaced with a 5977 
MS (Agilent Technologies, Santa Clara, CA) operated in 
EI mode. Separation of SCFAs was performed on an Agi-
lent DB-FATWAX 30 m × 0.25 mm column with helium 
as carrier gas. Data processing and quantitative analysis 
were performed using Agilent MassHunter Quantitative 
analysis software.

Conventionalized germ‑free mice
In collaboration with CU Anschutz Gnotobiotic Core, 
8-week-old germ-free (GF) mice were conventionalized 
with specific pathogen-free (SPF) gut microbiota from 
alone-housed 20-week-old Phb1fl/fl or Phb1i∆IEC mice. 
Donor SPF microbiota consisted of 100 mg of ileal con-
tents from 4 Phb1fl/fl or Phb1i∆IEC mice pooled that were 
homogenized in an anaerobic chamber in 1 ml reduced 
1 × PBS (has been stored in an anaerobic chamber to 
remove oxygen). After sedimentation by gravity, 150 µL 
of the slurry was orally gavaged into recipient GF mice 
gender-matched to the donor gender. Following gavage, 
recipient mice were maintained in gnotobiotic condi-
tions, weighed once weekly for 12 weeks, and ileal lumi-
nal contents and tissue were then collected for 16S rRNA 
sequencing and measurements of inflammation, respec-
tively. To ensure donor ileal contents conventionalized 
GF mice, 16S rRNA sequencing was performed on the 
ileal contents of GF recipient mice and compared to 16S 
rRNA sequencing of donor contents obtained at the time 
of gavage.

Antibiotics treatment
A broad-spectrum antibiotic cocktail was used to deplete 
gut microbiota from SPF Phb1∆PC, Phb1i∆IEC, and Phb1fl/

fl littermates. Mice were treated with 1  g/L ampicillin 
sodium salt, 1 g/L neomycin sulfate, 1 g/L metronidazole, 

https://data.jplab.net/EipsKgQV/index.html
https://data.jplab.net/EipsKgQV/index.html
http://www.earthmicrobiome.org
http://www.earthmicrobiome.org
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and 500 mg/L vancomycin in autoclaved drinking water 
for 4 weeks beginning at 16 weeks of age and compared 
to untreated mice.

Butyrate supplementation
Mice were administered a 20-mM sodium butyrate 
(Sigma-Aldrich, 303,410) in the drinking water from 
16–20 weeks of age. This dose was chosen based on pre-
vious studies showing intestinal epithelial response [29].

3D ileal enteroid culture and treatment with ileal 
microbiota filtrates
Enteroids were harvested and cultured from 8-week-
old ileal crypts of Phb1fl/fl, Phb1ΔPC, and Phb1iΔIEC mice 
in Matrigel (BD Biosciences, 356,230) as previously 
described [20]. Phb1iΔIEC mice were intraperitoneally 
injected daily with 100  µl of 10  mg/ml tamoxifen for 4 
consecutive days prior to harvesting the ileum for enter-
oid culturing. Enteroids were established from a 7-in. 
length of the ileum and were grown in complete crypt 
culture ENR media containing growth factors EGF, Nog-
gin, and R-spondin (obtained from the Organoid and 
Tissue Modeling Shared Resource core, University of 
Colorado Anschutz Medical Campus) for 7 days to allow 
epithelial cell differentiation [30]. On day 7 of culture, 
enteroids were treated with 200  mg/ml ileal microbiota 
filtrates for 16 h as previously described for cecal micro-
biota filtrates [31] and compared to enteroids untreated 
with ileal microbiota filtrates (vehicle control group). 
The vehicle consisted of 1 × PBS. Ileal luminal contents 
were collected from 20-week-old Phb1fl/fl, Phb1ΔPC, or 
Phb1iΔIEC mice. Ileal luminal contents were dissolved 
in 1 × PBS and filtered using a 0.22-µm filter [31]. Pro-
tein concentration was determined by Bradford assay. 
To determine whether SCFAs can ameliorate epithelial 
responses to microbiota, a subset of enteroids were sup-
plemented with 0.5  mM propionate, 0.5  mM acetate, 
0.5  mM butyrate, alone or in combination, concurrent 
with microbiota filtrate treatment. A subset of enteroids 
were also treated with 1-µm Mithramycin A (TOCRIS, 
1489). Enteroid viability by morphological change was 
evaluated and quantitated using a ZEISS AXIOSKOPE 
Plus Inverted Microscope as described previously [32].

Oxygen consumption rate and reactive oxygen species 
(ROS) quantification by MitoSOX
Ileal crypts from Phb1fl/fl, Phb1ΔPC, and Phb1iΔIEC mice 
were harvested and plated in matrigel on a 24-well 
OxoDish plate with pre-calibrated oxygen sensors at 
the bottom of each well (PreSens Precision Sensing), 
as described previously [33]. As a positive control for 
altered oxygen consumption, enteroids were treated 
with 0.1  µM Antimycin A (Sigma-Aldrich, A8674). 

Concurrent with treatment, the extracellular oxygen con-
sumption rate was measured every minute using the Pre-
Sens SDR Sensor Dish Reader. Within 15 min, the oxygen 
consumption rate plateaued and this time point was 
graphed to compare treatment groups. Then, enteroids 
were dispersed into single cells by pipetting up and down 
in cold trypsin followed by incubation at 37℃ for 3 min. 
Cells were then pelleted by centrifuging at 200 × g for 
5 min after equal volume of DMEM media. Pellets were 
resuspended in DMEM and plated in 96-well plates. One 
hundred microliters of 5-µM MitoSOX reagent (Invitro-
gen, M36008) was added directly to the enteroid culture 
media after enteroids were dissociated into single cells 
and incubated for 10 min. MitoSOX Red mitochondrial 
superoxide fluorescence was read at excitation/emission 
of 510/580 nm by a plate reader (BioTek, SYNERGY H1 
microplate reader). Cell number was quantitated using 
Cellometer Auto T4 (Nexcelom Bioscience), and rela-
tive oxygen consumption and MitoSOX fluorescence was 
normalized to cell number per well.

Total histological inflammation scoring
Six micrometers of paraffin-embedded Swiss-rolled ileal 
sections was stained with hematoxylin and eosin. Histo-
logical inflammation scoring was performed in a blind 
fashion using previously published criteria for mouse ile-
itis [34], and imaging was performed using ZEISS AXIO 
microscope and Zen 2.3 Pro software.

Immunofluorescent staining
Six micrometers of paraffin-embedded Swiss-rolled ileal 
sections was dehydrated in xylene and ethanol gradient 
and washed with tap water, and the epitope was retrieved 
with citric acid buffer (0.1 M citric acid and 0.1 M sodium 
citrate) in the pressure cooker for 10 min at 125℃. Tis-
sues were washed with 1 × PBS and incubated with 5% 
normal donkey serum for 1 h at room temperature. Tis-
sues were incubated with primary antibodies targeting 
lysozyme (1:500, sc-518058, mouse, Santa Cruz) and 
muc2 (1:500, PA5-21,329, rabbit, Invitrogen) in 5% block-
ing normal donkey serum overnight at 4℃. Tissues were 
washed with 1 × PBS followed by incubation for second-
ary antibodies (1:500, donkey anti-mouse, 715–296-150; 
and 1:500, donkey anti-rabbit, 711–096-152; Jackson 
ImmunoResearch) for 1 h at room temperature. Tissues 
were washed with 1 × PBS and incubated with DAPI 
(1:1000 in 1 × PBS) for 1 min. Tissues were coverslipped 
with Prolong Gold Antifade reagent (Invitrogen, P36930). 
Imaging was performed using ZEISS AXIO microscope 
and Zen 2.3 Pro software. Lysozyme patterns from 
Paneth cells were scored normal, disordered, diminished 
(depleted), or diffuse as previously described [25].
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Alcian blue‑periodic acid Schiff staining
Six micrometers of paraffin-embedded ileal sections was 
stained with Alcian blue (AB; Sigma Aldrich, B8438) 
solution, pH 2.5, for 5  min and washed in running tap 
water for 5 min. Sections were then stained with periodic 
acid and Schiff’s (PAS) reagent according to the PAS kit 
(395B-1KT, Sigma Aldrich) protocol and mounted using 
xylene-based mounting media.

SDS‑PAGE and western immunoblot analysis
Total protein was isolated from 5-mm distal ileum, con-
centration determined by a Bradford assay, separated 
by SDS-PAGE, and analyzed by western blotting as 
described previously [20]. The following proteins were 
probed for by chemiluminescence: Caspase 3 (1:1000, 
9662; Cell Signaling) and β-actin (1:10,000, A1978; Mil-
lipore Sigma). Immunoblot images were acquired with 
BioRad ChemiDoc MP Imaging System.

RNA isolation, cDNA amplification, and quantitative 
real‑time PCR analysis
Total RNA was isolated from 5-mm ileum using Tri-
zol (Invitrogen), and cDNA was synthesized using Flex 
cDNA Kit (Quantabio, 95,049). Quantitative real-time 
PCR was performed with QuantStudio 3 (Applied Biosys-
tems), and graphical representation of quantitative real-
time PCR data was calculated as follows: ΔΔCT =  (Ct, target 
–  Ct, β-actin)Phb1iΔIEC or Phb1ΔPC –  (Ct, target –  Ct, β-actin)Phb1fl/

fl, with the final graphical data presented from  2−ΔΔCT. 
The qPCR data were normalized to β-actin. Gene expres-
sion analysis using the following primers from Inte-
grated DNA Technologies was performed: β-actin sense: 
5′-TAT GCC AAC ACA GTG CTG TCTGG-3′ and β-actin 
antisense: 5′-TAC TCC TGC TTG CTG ATC CACAT-3′. 
Lysozyme sense: 5′-TGG CTG ACT GGG TGT GTT TA-3′ 
and antisense: 5′-CGG TCT CCA CGG TTG TAG TT-3′. 
Cryptdin 3 sense: 5′-CCA GGC TGA TCC TAT CCA AA-3′ 
and Cryptdin 3 antisense: 5′-GAC ACA GCC TGG TCG 
TCT TC-3′. Cryptdin 5 sense: 5′-GGC TGC AAA AGA 
AGA GAA CG-3′ and Cryptdin 5 antisense: 5′-CAG CTG 
CAG CAG AAT ACG AA-3′. Ang4 sense: 5′-GAG CCC 
ATG TCC TTT GTT GT-3′ and Ang4 antisense: 5′-GCT 
TGG CAT CAT AGT GCT GA-3′. Tnfa sense: 5′-AGG 
CTG CCC CGA CTA CGT -3′ and Tnfa antisense: 5′-ACT 
TTC TCC TGG TAT GAG ATA GCA AA-3′. Il1b sense: 
5′-TCG CTC AGG GTC ACA AGA AA-3′ and Il1b anti-
sense: 5′-CAT CAG AGG CAA GGA GGA AAAC-3′. Ifng 
sense: 5′-CAG CAA CAG CAA GGC GAA A-3′ and Ifng 
antisense: 5′-CTG GAC CTG TGG GTT GTT GAC-3′.

Statistical analysis
Data were analyzed using PRISM Version 9.1.2. Graph-
Pad software. Values are presented as mean ± SD. 

Outliers were identified by ROUT test (Q = 1%). Nor-
mality was tested by Shapiro–Wilk normality test and 
Kolmogorov–Smirnov normality test; all data passed 
normality. Unpaired two-tailed Student’s t test was per-
formed for single comparisons. One-way ANOVA or 
two-way ANOVA with Bonferroni post hoc test was 
performed for multiple comparisons. For 16S rRNA 
data analysis, relationships with continuous variables 
were tested using R’s base function for linear regression 
models (“lm”). Differences in community composition 
use the R function vegan:adonis version 2.5.5 to estimate 
PERMANOVA p values. ATIMA heatmaps cluster by 
complete linkage and were generated via the R package 
“pheatmap” version 1.0.12. All p values were adjusted for 
multiple comparisons with Benjamini and Hochberg’s 
formula to control for the false discovery rate. ATIMA is 
available at https:// atima. resea rch. bcm. edu. P < 0.05 was 
considered statistically significant.

Results
Depletion of gut microbiota by broad‑spectrum antibiotics 
ameliorates ileal inflammation and restores Paneth cell 
health in Phb1‑deficient mice
In our previous study, we demonstrated that mice with 
deletion of Phb1 in IECs (Phb1i∆IEC mice), including 
Paneth cells, manifested spontaneous ileitis by 20 weeks 
of age that was preceded by mitochondrial dysfunction 
in all epithelial cells, gut microbiota dysbiosis, and early 
abnormalities in Paneth cells [20]. Deletion of Phb1 spe-
cifically in Paneth cells (Phb1∆PC mice) was sufficient to 
induce Paneth cell defects and to cause ileitis in mice 
[20]. To understand whether gut microbiota is neces-
sary for the development of spontaneous ileitis driven 
by mitochondrial dysfunction, broad-spectrum antibiot-
ics (ABX) were administered to Phb1ΔPC and Phb1iΔIEC 
mice and their Phb1fl/fl littermates in their drinking water 
from 16 to 20 weeks of age. Depleting gut microbiota by 
ABX (Figure S1A) protected Phb1-deficient mice from 
spontaneous ileitis measured histologically (Fig.  1A, B) 
and from proinflammatory cytokine expression upregu-
lated in these mouse models (Fig. 1C, D) [20]. Addition-
ally, using scoring criteria previously described [25], ABX 
ameliorated abnormal Paneth cell granularity (disor-
dered, depleted, and diffuse staining) in Phb1-deficient 
mice showing lysozyme properly packaged into secretory 
granules (Fig. 1E, F). Paneth cell abnormalities in Phb1ΔPC 
and Phb1iΔIEC mice, including the manifestation of inter-
mediate Paneth/goblet cells marked by  lysozyme+/muc2+ 
cells (Fig.  1E), loss of  lysozyme+ cells (Fig.  1G), and 
increased alcian  blue+ cells in the crypt base (Figure S1B, 
C), were prevented by ABX. These results suggest that 
mitochondrial dysfunction driven by the loss of PHB1 
in IECs or specifically in Paneth cells is not sufficient to 

https://atima.research.bcm.edu
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cause intestinal inflammation, but when coupled with gut 
microbiota interaction can trigger disease.

Phb1ΔPC mice fail to demonstrate significant alterations 
in the ileal microbial communities
Our previous study demonstrated that Phb1iΔIEC mice 
exhibited microbiota dysbiosis including decreased diver-
sity by Shannon index and decreased abundance of spe-
cific taxa such as Blautia, Roseburia, Oscillibacter, and 
Coprococcus [20]. To evaluate changes in the gut micro-
biota composition of Phb1ΔPC mice, 16S rRNA sequenc-
ing was performed on luminal ileal contents from Phb1fl/

fl (control) and Phb1ΔPC littermate mice alone-housed by 
genotype or co-housed across genotypes at weaning to 
20  weeks of age. Our data does not indicate any differ-
ence in alpha diversity by Shannon index, species beta 
diversity by weighted UniFrac PCoA analysis, nor phy-
lum and genus composition between Phb1ΔPC and Phb1fl/

fl ileal microbiotas during alone-housing (Fig.  2) or co-
housing (Figure S2). These results suggest that Phb1ΔPC 
mice fail to demonstrate significant alterations in the ileal 
microbial communities. Despite this, both alone-housed 
(Fig.  3) and co-housed Phb1ΔPC mice (Figure S3) exhib-
ited Paneth cell defects and ileitis. However, co-housing 
eliminated the increased mucin staining in the crypt base 
of Phb1ΔPC mice (Figure S3F). Unlike our results shown 
here in Phb1ΔPC mice, our previous study characteriz-
ing ileitis in alone-housed Phb1i∆IEC mice revealed gut 
microbiota alterations [20]. Given this, we next assessed 
the phenotype of Phb1i∆IEC mice in the presence of con-
trol microbiota during co-housing with respective Phb1fl/

fl littermates. Co-housed Phb1i∆IEC mice exhibited Paneth 
cell defects and spontaneous ileitis (Figure S4), suggest-
ing the dominance of this phenotype even in the presence 
of healthy microbiota during co-housing with Phb1fl/fl lit-
termates. Similar to co-housed Phb1ΔPC mice, co-housed 
Phb1i∆IEC mice demonstrated normal mucin staining 
(Figure S4F), suggesting a normalizing effect of healthy 
microbiota on this alteration during host mitochondrial 
dysfunction.

Wild‑type germ‑free mice conventionalized with  Phb1i∆IEC 
ileal microbiota do not manifest ileitis
To determine whether the established Phb1i∆IEC dysbiotic 
microbiota transfers phenotype in the absence of genetic 
alterations, 8-week-old wild-type germ-free (GF) mice 
were conventionalized with specific pathogen-free (SPF) 
ileal microbiota from 20-week-old Phb1fl/fl or Phb1i∆IEC 
mice and were maintained until sacrifice in the gnotobi-
otic facility until 20 weeks of age (12 weeks after coloniza-
tion). Ileal microbiota were used as donor material since 
our mouse models of Phb1 deletion develop ileitis with-
out affecting the colon [20]. Since GF mice are routinely 
conventionalized with cecal contents but we are unaware 
of any reports using ileal contents, 16S rRNA sequenc-
ing on ileal contents of GF recipient mice and donor ileal 
luminal contents was performed to evaluate transferabil-
ity of gut microbiota (Fig.  4A, B). GF mice convention-
alized with Phb1i∆IEC ileal microbiota did not exhibit any 
overt phenotype including body weight gain by 20 weeks 
of age (Fig. 4C). Recipient GF mice did not develop ileitis 
regardless of the donor genotype (Fig.  4D, E). However, 
GF mice conventionalized with Phb1i∆IEC ileal microbiota 
exhibited decreased AMP expression (Fig. 4F), but other 
Paneth cell alterations were not noted (Fig. 4G–J). These 
results in wild-type GF mice suggest that Phb1i∆IEC dys-
biotic ileal microbiota is not sufficient to induce ileitis by 
12 weeks after colonization in the absence of host genetic 
alteration.

Butyrate supplementation prevents ileitis and Paneth cell 
defects in Phb1‑deficient mice
To better understand the effect of host epithelial mito-
chondrial dysfunction on gut microbiota, the 3 most 
abundant SCFAs, butyric acid, acetic acid, and propanoic 
acid, were measured in ileal feces of Phb1ΔPC or Phb1iΔIEC 
mice and respective Phb1fl/fl littermates (alone-housed 
by genotype) as an indicator of microbiota-produced 
metabolites. Phb1ΔPC mice exhibited no change in these 
SCFAs (Fig. 5A). Butyric acid, but not acetic acid or pro-
panoic acid, was significantly decreased in the ileal feces 
of Phb1iΔIEC mice (Fig.  5B). To elucidate the effect of 

(See figure on next page.)
Fig. 1 Elimination of gut microbiota by broad-spectrum antibiotics (ABX) ameliorates ileal inflammation and restores Paneth cell health 
in Phb1-deficient mice. A H&E staining of the ileum. Bar = 100 μm. B Histological inflammation scoring of H&E-stained ileal sections. n = 8–11 
Phb1ΔPC or 5–6 Phb1fl/fl littermates; n = 7 Phb1iΔIEC or 7 Phb1fl/fl littermates. C mRNA quantification in the ileum of Phb1ΔPC or Phb1fl/fl littermates. 
n = 7 per genotype. D mRNA quantification in the ileum of Phb1iΔIEC or Phb1fl/fl littermates. n = 7 per genotype. E Immunofluorescent-staining 
for lysozyme (red), muc2 (green), and DAPI (nucleus, blue) in ileal crypts (dashed line). Arrows denote Paneth cells with normal lysozyme packaging 
into granules. Star denotes lysozyme/muc2 colocalization in the crypt base. Bar = 50 μm. F Paneth cell lysozyme allocation patterns across 50 ileal 
crypts. n = 7–8 each group. G Average number of  lysozyme+ cells per crypt per mouse. A minimum of 50 crypts per mouse were quantitated. 
n = 7–8 Phb1ΔPC or 5 Phb1fl/fl littermates; n = 7 Phb1iΔIEC or 7 Phb1.fl/fl littermates. ABX, antibiotics; H&E, hematoxylin & eosin; Ifng, interferon gamma; 
Il1b, interleukin 1 beta; muc2, mucin2; Tnfa, tumor necrosis factor alpha; Veh, vehicle. Results are presented as individual mice ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001
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butyrate supplementation on Paneth cell health and ileal 
inflammation driven by Phb1 deletion, Phb1fl/fl, Phb1ΔPC, 
and Phb1iΔIEC mice were treated with 0.5-mM sodium 
butyrate in drinking water from 16 to 20  weeks of age. 
Butyrate treatment decreased the severity of ileal inflam-
mation (Fig.  5C–F), restored lysozyme packaging into 

granules (Figs. 5G, H, S5A, B), and restored numbers of 
 lysozyme+ cells in Phb1ΔPC and Phb1iΔIEC mice (Fig. 5I). 
Butyrate supplementation ameliorated the development 
of intermediate Paneth/goblet cells as indicated by lack-
ing  lysozyme+/muc2+ co-staining in butyrate-treated 
Phb1ΔPC and Phb1iΔIEC mice (Figure S5A, B) and numbers 

Fig. 2 Phb1ΔPC mice exhibit similar gut microbiota composition as Phb1fl/fl littermates when alone-housed by genotype. 16S RNA sequencing 
of ileal luminal contents of alone-housed Phb1fl/fl and Phb1ΔPC mice. A Alpha diversity measure by Shannon index. B Weighted UniFrac PCoA plot 
of 16S rRNA gene sequences. C, D Relative abundance of bacteria at phylum level in individual mice (C) and combined mice by genotype (D). E, F 
Relative abundance of bacteria at genus level in individual mice (E) and combined mice by genotype (F). n = 10 for each genotype

(See figure on next page.)
Fig. 3 Alone-housed Phb1ΔPC mice manifest Paneth cell defects and spontaneous ileitis. A H&E staining showing Paneth cells (pink granules) 
in the ileal crypts. Bar = 150 μm; boxed pullout bar = 75 μm. B Immunofluorescent-staining for lysozyme (red), muc2 (green), and DAPI (nucleus, 
blue) in ileal crypts (dashed line). Star denotes lysozyme/muc2 colocalization in the crypt base. Bar = 150 μm; boxed pullout bar = 75 μm. C Average 
number of  lysozyme+ cells per crypt per mouse. A minimum of 50 crypts per mouse were quantitated. D Paneth cell lysozyme allocation patterns. 
A minimum of 50 crypts per mouse were quantitated. E mRNA quantification in the ileum. One outlier was identified by ROUT test (Q = 1%) 
and was removed from Phb1ΔPC lysozyme, cryptdin5, and ang4). F AB-PAS staining of the ileum. Bar = 100 µm. The dashed line denotes the crypt 
base. G The number of AB-PAS+ cells/crypt base across 50 crypts. H Histological inflammation scoring of the ileum. The arrow denotes immune 
cell infiltration, and the arrowhead denotes villus blunting. Bar = 100 µm. I Histological inflammation scoring of H&E-stained ileal sections. J mRNA 
quantification in the ileum. n = 7 Phb1fl/fl or 11 Phb1Δ.PC mice. AB-PAS, alcian blue-periodic acid Schiff; Ang4, angiogenin 4; H&E, hematoxylin & eosin; 
Ifng, interferon gamma; Il1b, interleukin 1 beta; muc2, mucin2; Tnfa, tumor necrosis factor alpha. Results are presented as individual mice ± SD. 
*P < 0.05, **P < 0.01, and ****P < 0.0001
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Fig. 3 (See legend on previous page.)
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of alcian  blue+ cells in the crypt base matching Phb1fl/fl 
mice (Figs. 5J, S5C, D). Taken together, these data dem-
onstrate the therapeutic potential of butyrate on Paneth 
cell abnormalities and ileitis driven by epithelial mito-
chondrial dysfunction during Phb1 deletion.

Butyrate protects Phb1‑deficient ileal enteroids 
from dysbiotic ileal microbiota‑induced death
To determine microbiota-induced epithelial-intrin-
sic effects, enteroids were cultured from ileal crypts 
of 8-week-old Phb1fl/fl, Phb1iΔIEC, and Phb1ΔPC mice 
for 7  days followed by treatment with ileal fecal filtrate 
obtained from 20-week-old Phb1iΔIEC or Phb1ΔPC mice or 
respective Phb1fl/fl mice (control microbiota) (Fig.  6A). 
After 12 h of treatment, microbial filtrates derived from 
Phb1iΔIEC mice induced ~ 90% death of Phb1iΔIEC enter-
oids and ~ 50% death of Phb1fl/fl and Phb1ΔPC enteroids 
(Fig. 6B). In comparison, microbial filtrates derived from 
Phb1fl/fl mice did not induce enteroid death of any geno-
type (Fig. 6B, C). In Phb1fl/fl enteroids, microbial filtrates 
derived from Phb1ΔPC mice did not induce death, simi-
lar to control Phb1fl/fl microbial filtrates and vehicle, but 
in Phb1iΔIEC and Phb1ΔPC enteroids elicited ~ 50% death 
(Fig. 6C). The response of enteroids to microbial filtrates 
was confirmed by immunoblotting for Cleaved Caspase 
3 (CC3), a marker of apoptosis. The amount of CC3 was 
markedly increased in Phb1ΔPC and Phb1iΔIEC enteroids 
treated with microbial filtrates (Figure S6A). These results 
suggest an important interaction between impaired intes-
tinal epithelial mitochondrial health and the environ-
mental trigger of microbiota on epithelial homeostasis. 
The most severe response was noted in enteroids lack-
ing PHB1 throughout the epithelium (Phb1iΔIEC enter-
oids) coupled with interaction with Phb1iΔIEC microbial 
filtrates.

In colon epithelial cells, SCFAs are essential in glu-
cose metabolism, fatty acid oxidation, mitochondrial 
biogenesis, and oxidative phosphorylation [33, 35–37]. 
The role of SCFAs in IEC health has been well-studied in 
the colon but is less understood in the ileum where the 

concentration of SCFAs is ~ fivefold lower compared to 
the colon [8]. SCFAs are rapidly absorbed in the human 
ileum [38] and are required for IEC homeostasis, includ-
ing proliferation and migration along the crypt-villus 
axis [9]. In ileal enteroid models, SCFAs were shown to 
induce proliferation and inhibit HDAC activity, driv-
ing changes in gene transcription [39]. To determine the 
effect of SCFAs on ileal enteroid viability, ileal enteroids 
from Phb1fl/fl, Phb1ΔPC, and Phb1iΔIEC mice were treated 
with butyrate, acetate, propionate  (the conjugate base 
forms of butyric, acetic, or propanoic acids, respec-
tively), or all 3 SCFAs in combination concurrent with 
ileal microbial filtrate treatment (Fig.  6A). With regard 
to death induced by Phb1iΔIEC microbial lysate, all SCFAs 
were remarkably protective in Phb1fl/fl enteroids but only 
butyrate provided maximal protection against the death 
of Phb1iΔIEC or Phb1ΔPC enteroids (Fig.  6B, D). Apopto-
sis as measured by CC3 was prevented by butyrate in 
Phb1ΔPC and Phb1iΔIEC enteroids treated with microbial 
filtrates from Phb1iΔIEC mice (Figure S5A). The com-
bination of butyrate, acetate, and propionate behaved 
similar to that of butyrate alone, ameliorating Phb1iΔIEC 
or Phb1ΔPC enteroid death during exposure to Phb1iΔIEC 
microbial filtrates (Fig. 6B). When exposed to microbial 
filtrates from Phb1ΔPC mice, all SCFAs elicited protection 
against death (Fig. 6C). Taken together, these data dem-
onstrate enhanced enteroid viability by butyrate, acetate, 
and propionate during Paneth cell-specific mitochondrial 
impairment and microbiota challenge. Butyrate exhibits 
maximal protection against mitochondrial dysfunction 
affecting all IECs during interaction with gut microbial 
filtrates.

Sp1 contributes to butyrate‑induced protection 
of intestinal epithelium
SCFAs elicit many responses in host IECs including 
energy metabolism, alteration of HDAC activity, damp-
ening the mucosal immune response, and promoting 
epithelial barrier integrity [33, 35–37]. To further under-
stand butyrate protection in IECs during mitochondrial 

Fig. 4 Wild-type germ-free mice conventionalized with Phb1i∆IEC dysbiotic ileal microbiota exhibit Paneth cell defects but do not manifest ileitis. 
A Weighted UniFrac PCoA plot of 16S rRNA sequencing of ileal stools from the donor (Phb1fl/f and Phb1iΔIEC mice pooled by sex) and the recipient 
(GF + Phb1fl/f and GF + Phb1iΔIEC) mice. B Relative abundance of bacteria at phylum and genus level. C Body weight of conventionalized germ-free 
mice at 20 weeks of age. D H&E-stained ileum and histology scoring. Bar = 100 μm. E mRNA fold change by qRT-PCR of markers of inflammation 
in the ileum. F mRNA expression of AMPs in the ileum. G Immunofluorescent staining for lysozyme (red), muc2 (green), and DAPI (nucleus, 
blue) in ileal crypts (dashed line). Arrows denote Paneth cells with normal Lysozyme packaging into granules. Bar = 50 μm. H Average number 
of  lysozyme+ cells per crypt per mouse. I Paneth cell lysozyme allocation patterns. J AB-PAS staining of the ileum and number of AB-PAS+ cells/
crypt base across 50 crypts. Bar = 100 µm. The dashed line denotes the crypt base. n = 6 GF + Phb1fl/fl or GF + Phb1iΔIEC recipient mice, n = 4 Phb1fl/

fl and Phb1.iΔIEC pooled donor mice. AB-PAS, alcian blue-periodic acid Schiff; Ang4, angiogenin 4; GF, germ free; H&E, hematoxylin & eosin; Ifng, 
interferon gamma; Il1b, interleukin 1 beta; muc2, mucin2; Tnfa, tumor necrosis factor alpha. Results are presented as individual mice ± SD. *P < 0.05 
and **P < 0.01

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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dysfunction driven by Phb1 deletion, oxygen consump-
tion rate and mitochondrial-derived superoxide were 
measured in ileal enteroids derived from Phb1fl/fl and 
Phb1iΔIEC mice as a measure of energy metabolism via 
oxidative phosphorylation. Superoxide is a reactive oxy-
gen species (ROS) produced as a byproduct of mitochon-
drial electron transport chain (ETC) activity; the level 
of mitochondrial-derived superoxide is increased when 
ETC activity is suboptimal and electrons aberrantly leak 
to molecular oxygen [40]. As a positive control, enter-
oids were treated with Antimycin A (an ETC inhibitor 
and ROS producer). As expected, Antimycin A decreased 
the level of available oxygen with a concurrent increase 
in mitochondrial superoxide in Phb1fl/fl enteroids (Figure 
S6B and C), suggesting available oxygen is converted to 
superoxide during Antimycin A inhibition of the ETC. 
Phb1iΔIEC enteroids, with or without Antimycin A treat-
ment, exhibited decreased available oxygen and increased 
mitochondrial superoxide similar to that of Phb1fl/fl Anti-
mycin A-treated enteroids (Figure S6B and C), suggest-
ing enhanced ROS production during loss of PHB1, as 
we previously reported [20]. Interestingly, butyrate ame-
liorated increased mitochondrial superoxide in Phb1iΔIEC 
enteroids (Figure S6C). Control microbial filtrates did not 
affect oxygen consumption or mitochondrial superoxide 
levels in Phb1iΔIEC enteroids, whereas Phb1iΔIEC micro-
bial filtrates greatly exacerbated mitochondrial superox-
ide production and increased oxygen availability, which 
could not be rescued by butyrate supplementation (Fig-
ure S6B and C). These results suggest that butyrate exerts 
protection to inhibit mitochondrial superoxide produc-
tion during Phb1 deletion alone, but upon exacerba-
tion with Phb1iΔIEC microbial filtrates, butyrate does not 
dampen ROS by this insult. Therefore, butyrate provides 
protection from IEC mitochondrial dysfunction during 
interaction with microbiota through mechanisms largely 
other than mitochondrial energy metabolism.

Inhibition of HDACs is a well-established role of 
butyrate in IECs [41]. Since cooperation at gene pro-
moters between Sp1, HDACs, and transcriptional co-
activators such as p300 is central to butyrate action on 
gene transcription [42, 43], we next utilized Mithramycin 
A, a selective Sp1 inhibitor, to prevent Sp1-associated 

transcriptional changes during butyrate treatment. The 
addition of Mithramycin A prevented butyrate protec-
tion against cell death induced by Phb1iΔIEC microbiota in 
Phb1fl/fl, Phb1iΔIEC, and Phb1ΔPC enteroids (Fig. 6E). These 
results suggest a possible role of Sp1-regulated gene tran-
scription by butyrate in protection against microbiota 
shaped by host mitochondrial dysfunction.

Discussion
As the interface between the inside and the outside world, 
the intestinal epithelium serves as a hub of bidirectional 
cross-talk between host and luminal microbiota. The ileal 
microbiome is a complex community, although with less 
abundance and diversity (~  106 bacterial counts/ml) than 
that of the colon (~  1010 bacterial counts/ml) [44]. At the 
phylum level, Firmicutes and Proteobacteria dominate 
the small intestine, whereas Bacteroidetes is increased 
in the colon [45]. Patients with Crohn’s disease have gut 
microbiome dysbiosis compared with healthy controls, 
including decreased diversity and alterations in bacte-
rial composition [3, 4]. A higher number of adherent ileal 
mucosal-associated bacteria are also noted in patients 
with Crohn’s disease, including decreased Firmicutes and 
increased Proteobacteria such as Escherichia coli [46, 
47]. Microbial dysbiosis in Crohn’s disease is thought to 
result from the development of inflammation and to per-
petuate disease. Microbiota and host signaling have been 
shown to involve the mitochondria within the intestinal 
epithelium in mouse models of colitis [48]. Our current 
research delves deeper into understanding the impact of 
epithelial mitochondria on small intestinal health. We 
show an important role of host IEC mitochondrial func-
tion in influencing intestinal microbiota metabolites dur-
ing the development of ileitis.

To generate mouse models of mitochondrial dys-
function in IECs or specifically in Paneth cells, we tar-
geted the deletion of mitochondrial chaperone protein 
PHB1 which is decreased in mucosal biopsies from 
IBD patients [21, 23]. Unlike Phb1i∆IEC mice that exhib-
ited altered gut microbiota composition [20], we show 
here that Paneth cell-specific mitochondrial dysfunc-
tion in Phb1∆PC mice under co-housing with control 
Phb1fl/fl littermates or alone-housing by genotype did 

(See figure on next page.)
Fig. 5 Butyrate supplementation prevents ileitis and Paneth cell defects in Phb1-deficient mice. A SCFAs in luminal ileal feces of Phb1ΔPC mice 
and Phb1fl/fl littermates. n = 7 for each genotype. B SCFAs in luminal ileal feces of Phb1iΔIEC mice and Phb1fl/fl littermates. n = 6 for each genotype. 
C, D H&E staining of the ileum and histological inflammation scoring in C Phb1ΔPC mice and D Phb1iΔIEC mice. Arrows denote immune cell 
infiltration. Bar = 50 μm. n = 8 for each genotype. E mRNA quantification in the ileum of Phb1ΔPC or Phb1fl/fl littermates. n = 8 per genotype. F mRNA 
quantification in the ileum of Phb1iΔIEC or Phb1fl/fl littermates. n = 8 per genotype. G, H Paneth cell lysozyme allocation patterns. n = 8 per genotype. I 
Average number of  lysozyme+ cells across 50 crypts. n = 8 per genotype. J Number of AB-PAS.+ cells/crypt base across 50 crypts. n = 8 per genotype. 
AB-PAS, alcian blue-periodic acid Schiff; Ang4, angiogenin 4; Ifng, interferon-gamma; Il1b, interleukin 1 beta; Tnfa, tumor necrosis factor alpha; Veh, 
vehicle. Results are presented as individual mice ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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not alter ileal microbial communities or SCFA levels 
despite the manifestation of Paneth cell defects and 
ileitis. This suggests that deletion of PHB1 throughout 

the intestinal epithelium drives microbiota dysbiosis, 
whereas deletion of PHB1 limited to Paneth cells is not 
sufficient to alter microbiota composition or SCFAs. 

Fig. 5 (See legend on previous page.)



Page 14 of 18Alula et al. Microbiome          (2023) 11:256 

Perhaps Phb1i∆IEC mice manifest microbiota dysbio-
sis since, in addition to Paneth cells, other epithelial 
cells including goblet cells and crypt base columnar 
stem cells exhibited alterations that may drive a more 
robust luminal phenotype [20]. Despite similar micro-
bial composition in Phb1ΔPC as Phb1fl/fl mice, our 
results using broad-spectrum antibiotics treatment 
demonstrated a necessary role of the gut microbiota 
in the development of spontaneous ileitis and Paneth 
cell defects in both Phb1ΔPC and Phb1iΔIEC mice. This 
suggests that IEC or Paneth cell mitochondrial dys-
function driven by the loss of PHB1 is not sufficient to 
cause intestinal inflammation, but requires interaction 
with gut microbiota for the development of disease. 
We further show that ileal microbial filtrates from 
Phb1-deficient mice, but not from control Phb1fl/fl 
mice, induced the death of ileal enteroids derived from 
Phb1-deficient mice. Collectively, these results suggest 
an important interaction between impaired epithelial 
mitochondrial health and microbiota driving loss of 
intestinal homeostasis.

We next determined whether ileal microbial com-
position could be transferred to GF mice and induce 
Paneth cell defects or ileitis in wild-type mice without 
mitochondrial impairment. GF mice colonized with 
ileal microbiota from dysbiotic Phb1iΔIEC mice did not 
develop Paneth cell defects or ileitis. This suggests that 
the dysbiotic ileal microbiota from Phb1-deficient mice 
cannot independently induce intestinal inflammation 
without host mitochondrial dysfunction. Interestingly, 
a previous study using GF mice colonized with dysbi-
otic cecal microbiota of  TNF∆ARE mice, which develop 
spontaneous ileitis due to upregulation of TNFα, dem-
onstrated an induction of ileitis after colonization that 
was preceded by the loss of Paneth cell function [49]. 
Of note, our study used ileal microbiota for coloniza-
tion of GF mice since this was the region of the intestine 
affected during Phb1 deletion versus cecal microbiota 
in the  TNF∆ARE study. Perhaps using cecal microbiota 
from Phb1-deficient mice would provide a more robust 
transfer into GF mice in future studies. Additionally, 
our results demonstrate some variability across the 
recipient GF mice with some engrafting better than 

others, which is consistent with previous studies in 
which transplant of fecal microbiomes into GF mice or 
antibiotic-depleted mice have a broad range between 
the donor microbiome and engrafted microbiome [50, 
51]. This is a potential limitation that could contribute 
to the recipient GF mice not developing ileitis.

Microbiota-produced metabolites, including SCFAs, 
play an important role in maintaining gut homeosta-
sis. Our results demonstrate that luminal butyrate was 
altered in the ileum of Phb1iΔIEC mice and that supple-
mentation of butyrate in Phb1iΔIEC mice decreased the 
severity of Paneth cell abnormalities and ileal inflam-
mation. Furthermore, in Phb1iΔIEC enteroids, butyrate 
greatly enhanced viability during treatment with the 
microbiota of Phb1iΔIEC mice, while acetate or pro-
pionate exhibited minimal protection. Collectively, 
these results suggest that mitochondrial dysfunction 
in all epithelial cells (Phb1iΔIEC) is associated with loss 
of butyrate contributing to epithelial impairment and 
ileitis. In contrast, all SCFAs tested (butyrate, propi-
onate, and acetate) protected against enteroid death 
induced by Phb1ΔPC dysbiotic microbiota. Further-
more, butyrate supplementation in Phb1ΔPC mice was 
effective to decrease Paneth cell defects and ileitis 
despite these mice showing no loss of butyrate levels 
in ileal feces. We speculate that greater dependence 
on butyrate for protection in Phb1iΔIEC mice is due to 
bulk mitochondrial impairment across all IECs includ-
ing enterocytes, which in the colon have been shown 
to rely on microbial-derived butyrate for homeostatic 
function [17]. Our enteroid studies suggest a possible 
role of Sp1-regulated gene transcription by butyrate 
in epithelial cell protection against microbiota fil-
trates shaped by host mitochondrial dysfunction. Oral 
administration of butyrate in IBD patients, the most 
widely studied SCFA, has been shown to decrease 
inflammation and improve epithelial tight junction 
barrier integrity in some studies [52, 53]. Butyrate is 
currently sold as a dietary supplement in the USA. 
Previous studies have also shown that the administra-
tion of butyrate to animal models regulates inflamma-
tory response, gut barrier integrity, and compensates 
dysbiotic gut microbiota [8, 54]. In addition, butyrate 

Fig. 6 Butyrate protects Phb1-deficient ileal enteroids from dysbiotic microbiota-induced death. A Schematic of the experimental protocol of ileal 
enteroid treatment. Enteroids were cultured from ileal crypts of Phb1fl/fl, Phb1iΔIEC, or Phb1ΔPC mice for 7 days and treated for 12 h with vehicle 
or 200 μg/ml ileal luminal feces filtrate obtained from 20-week-old Phb1fl/fl, Phb1iΔIEC, or Phb1ΔPC mice. Concurrent with microbiota treatment, 
enteroids were treated with vehicle or 0.5 mM SCFAs alone or in combination. B, C Enteroid death as measured by morphological change 
during treatment with B Phb1fl/fl or Phb1iΔIEC microbiota filtrate or C Phb1fl/fl or Phb1ΔPC microbiota filtrate. D Representative enteroid images. 
Bar = 100 µm. E Enteroid death by morphological change. Enteroids were treated with 1 µM Mithramycin A for 1 h prior to microbiota filtrate/
butyrate treatment as in A. n = 4–6 for all treatments. MithA, Mithramycin A. Results are presented as individual mice ± SD. *P < 0.05, **P < 0.01, 
and ****P < 0.0001

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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supplementation improves Paneth cell health and 
AMP secretion [55].

Taken together, we demonstrate that IEC mitochon-
drial dysfunction drives altered microbiota, and in turn, 
decreased butyrate expression in the ileum necessary 
for the development of ileitis. Restoration of SCFAs, 
especially butyrate, is a potential therapeutic option in 
Crohn’s disease patients harboring Paneth cell defects 
and epithelial mitochondrial impairment.
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Additional file 1: Fig. S1. Elimination of gut microbiota by broad-
spectrum antibiotics (ABX) prevents the manifestation of crypt base 
AB-PAS+cells in Phb1 deficient mice. (A) Bacterial elimination by ABX 
shown by reads per sample by 16S rRNA sequencing. (B) AB-PAS staining 
of ileum. Bar = 100 μm. Dashed line denotes crypt base. (C) Number of 
AB-PAS+cells/crypt base across 50 crypts.AB-PAS, alcian blue-periodic 
acid Schiff. n = 7-13 each group. ****P< 0.0001. Fig. S2. Co-housed 
Phb1ΔPC mice exhibit similar ileal microbiota composition as Phb1fl/
fl littermates.16S RNA sequencing of luminal ileal content of co-housed 
Phb1fl/fl and Phb1ΔPC mice. (A) Alpha diversity measure by Shannon 
index. (B) Weighted UniFrac PCoA plot of 16S rRNA gene sequences. (C-D) 
Relative abundance of bacteria at phylum level (C) in individual mice and 
(D) combined mice by genotype. (E-F) Relative abundance of bacteria at 
genus level (E) in individual mice and (F) combined mice by genotype. 
n = 9 each genotype. Fig. S3. Co-housed Phb1ΔPCmice manifest PC 
abnormalities and ileitis. (A) H&E staining showing Paneth cells (pink 
granules) in the ileal crypts. Bar = 50 μm; boxed pullout bar = 200 μm. (B) 
Immunofluorescent-staining for lysozyme (red), muc2 (green), and DAPI 
(nucleus, blue) in ileal crypts (dashed line). Arrows denote Paneth cells 
with normal lysozyme packaging into granules. Bar = 50 μm. (C) Average 
number of lysozyme+cells per crypt per mouse. A minimum of 50 crypts 
per mouse were quantitated. n = 13 Phb1ΔPCor 10 Phb1fl/fllittermates. 
(D) Paneth cell lysozyme allocation patterns. A minimum of 50 crypts 
per mouse were quantitated. n = 13 Phb1ΔPCor 10 Phb1fl/fllittermates. 
(E) mRNA quantification in ileum by qRT-PCR. n= 14 each genotype. (F) 
AB-PAS staining of ileum and number of AB-PAS+cells/crypt base. Bar = 
100 μm. Dashed line denotes crypt base. n = 13 Phb1ΔPCor 10 Phb1fl/
fllittermates. (G) Representative H&E-stained ileum and histological inflam-
mation scoring of ileum. Bar = 100 μm. n= 21 Phb1ΔPCor 10 Phb1fl/
fllittermates. (H) mRNA quantification in ileum by qRT-PCR. n = 14 each 
genotype. AB-PAS, alcian blue-periodic acid Schiff; Ang4, angiogenin 4; 
H&E, hematoxylin & eosin; Ifng, interferon gamma; Il1b, interleukin 1 beta; 
muc2, mucin2; Tnfa, tumor necrosis factor alpha. Results are presented 
as individual mice ±SD. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. 
****P< 0.0001. Fig. S4. Phb1iΔIECmice co-housed with Phb1fl/fllitter-
mates exhibit Paneth cell defects and spontaneous ileitis. (A) H&E staining 
showing Paneth cells (pink granules) in the ileal crypts. Bar = 50 μm. (B) 
Immunofluorescent-staining for lysozyme (red), muc2 (green), and DAPI 
(nucleus, blue) in ileal crypts (dashed line). Arrows denote Paneth cells 
with normal lysozyme packaging into granules. Bar = 50 μm. (C) Average 
number of lysozyme+cells per crypt per mouse. n = 14 Phb1fl/fland 18 
Phb1ΔPCmice. (D) Paneth cell lysozyme allocation patterns. n = 16 each 
genotype. (E)mRNA quantification in ileum by qRT-PCR. n =15 Phb1fl/
fland 14 Phb1ΔPCmice.Outliers were identified by ROUT test (Q = 1%) 
and were removed fromPhb1fl/flAng4and Phb1ΔPCCryptdin3, Cryptdin 
5. (F) AB-PAS staining of ileum and number of AB-PAS+cells/crypt base. 
Bar = 100 μm. Dashed line denotes crypt base. n= 15 each genotype. 
(G) Histological inflammation scoring of ileum. Arrow denotes infiltrat-
ing immune cells. Bar = 100 μm. n = 15 each genotype. AB-PAS, calcian 
blue-periodic acid Schiff; Ang4, angiogenin 4; H&E, hematoxylin & eosin; 
muc2, mucin2. Results are presented as individual mice ±SD. **P< 0.01, 
***P< 0.001, ****P< 0.0001. Fig. S5. Butyrate supplementation prevents 

Paneth cell defects in Phb1-deficient mice. (A-B) Immunofluorescent-
staining for lysozyme (red), muc2 (green), and DAPI (nucleus, blue) in ileal 
crypts (white outline) of Phb1ΔPCmice and Phb1fl/fllittermates (A) or 
Phb1iΔIECmice and Phb1fl/fllittermates (B). Arrows denote Paneth cells 
with normal Lysozyme packaging into granules. Asterisk denotes Muc2 
colocalization with Lysozyme. Bar = 50 μm. (C-D)AB-PAS staining of ileum. 
Bar = 100 μm. Dashed line denotes crypt base. AB-PAS, alcian blue-
periodic acid Schiff; muc2, mucin2; Veh, vehicle. Fig. S6. Butyrate protects 
Phb1-deficient ileal enteroids from Phb1iΔIEC microbiota-induced death. 
(A) Western blots for total and cleaved Caspase 3 indicating apoptosis. (B) 
Oxygen consumption relative to Phb1fl/flvehicle enteroids. As a positive 
control, enteroids were treated with 0.1 μM Antimycin A 15 min prior 
to oxygen measurements. n = 3 for all treatments. (C) Mitochondrial 
superoxide level as measured by MitoSOX fluorescence intensity. n = 3 
for all treatments, results are representative of 2 separate experiments. C: 
Phb1fl/fl microbiota filtrate, KO: Phb1iΔIEC microbiota filtrate. n = 3 for all 
treatments. AntiA, Antimycin A. Results are presented as individual mice 
± SD. *P< 0.05, **P< 0.01, ***P< 0.005, ****P< 0.0001.
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