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Peroxisome proliferator-activated receptor-vy coactivator 1-a
(PGCla) is the primary regulator of mitochondrial biogenesis
and was recently found to be highly expressed within the intes-
tinal epithelium. PGCla is decreased in the intestinal epithe-
lium of patients with inflammatory bowel disease, but its role in
pathogenesis is uncertain. We now hypothesize that PGCla
protects against the development of colitis and helps to main-
tain the integrity of the intestinal barrier. We selectively deleted
PGCla from the intestinal epithelium of mice by breeding a
PGC1a'P"*P mouse with a villin-cre mouse. Their progeny
(PGC1a*™=€ mice) were subjected to 2% dextran sodium sulfate
(DSS) colitis for 7 days. The SIRT1 agonist SRT1720 was used to
enhance PGCla activation in wild-type mice during DSS expo-
sure. Mice lacking PGCla within the intestinal epithelium were
more susceptible to DSS colitis than their wild-type littermates.
Pharmacologic activation of PGCla successfully ameliorated
disease and restored mitochondrial integrity. These findings
suggest that a depletion of PGCla in the intestinal epithelium
contributes to inflammatory changes through a failure of mito-
chondrial structure and function as well as a breakdown of the
intestinal barrier, which leads to increased bacterial translocation.
PGCla induction helps to maintain mitochondrial integrity,
enhance intestinal barrier function, and decrease inflammation.

It is estimated that over 1.4 million people are currently diag-
nosed with inflammatory bowel disease (IBD)? in the United
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States (1-3). In 2008, the direct costs associated with the dis-
ease exceeded 6.8 billion dollars (4), and furthermore, the
worldwide prevalence of IBD appears to be increasing (5).
Although the pathophysiology of IBD is multifactorial, a grow-
ing body of literature has implicated oxidative stress within the
intestinal epithelium and abnormal mitochondrial bioenerget-
ics as important causative factors in the development of disease
(6-10). Specifically, Santhanam et al. (11) and Sifroni et al. (12)
demonstrated a decrease in mitochondrial electron transport
chain complex activity in humans with IBD as well as in mice
subjected to experimental colitis (13). This would suggest a bio-
energetic failure of the intestinal mitochondria as a conse-
quence of impaired oxidative phosphorylation. Interestingly,
abnormalities in complex activity occur prior to the initiation of
inflammatory changes, suggesting that a decrease in function
is likely a primary defect within the intestinal epithelium as
opposed to one occurring secondary to mucosal inflammation.
Taken together, these data suggest that mitochondrial dysfunc-
tion may play a key role in the development of IBD and that a
restoration of mitochondrial function may prevent and/or treat
disease.

The modern view of the mitochondrion is that of a dynamic
organelle that undergoes turnover in response to stimuli in a
process known as mitochondrial biogenesis (14—16). The reg-
ulation of normal mitochondrial function requires the activity
of peroxisome proliferator-activated receptor-y coactivator
1-a (PGCla). Under conditions of stress, PGCla is a potent
stimulator of mitochondrial turnover and antioxidant activity.
Recently, it was demonstrated that PGCle is highly expressed
within the intestinal epithelium in mice (17). A decrease in
PGCla within the intestinal epithelium of a patient with ulcer-
ative colitis is thought to be a precursor of dysplastic changes
(18).

Based on our following studies, we now hypothesize that
PGCla plays a critical role in the pathogenesis of experimental
colitis in mice. Here, we show that PGCla is decreased in
humans with IBD as well as in mice subjected to experimental
colitis. During murine colitis, PGCla is acetylated to its inac-
tive form and targeted for proteosomal degradation through
ubiquitination. This decrease in PGCla correlates with a
down-regulation of the mitochondrial biogenesis pathway and
a decreased expression of mtDNA and mitochondrial mass as
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TABLE 1
qRT-PCR primer sequences
Gene Species Forward sequence (5'-3’) Reverse sequence (3'-5") Amplicon size
bp
1-1B Mouse AGTGTGGATCCCAAGCAATACCCA TGTCCTGACCACTGTTGTTTCCCA 175
1-6 Mouse GGCTAAGGACCAAGACCATCCAA TCTGACCACAGTGAGGAATGTCCA 138
CxcL15 Mouse TGTTCACAGGTGACTGCTCC AGCCCATAGTGGAGTGGGAT 140
inos Mouse/rat CTGCTGGTGGTGACAAGCACATTT ATGTCATGAGCAAAGGCGCAGAAC 167
mtDNA Mouse CCTATCACCCTTGCCATCAT GAGGCTGTTGCTTGTGTGAC
Occludin Mouse ATGGCAAGCGATCATACCCAGAGT AGGTTACCATTGCTGCTGTACCGA 131
Pecam Mouse ATGGAAAGCCTGCCATCATG TCCTTGTTGTTCAGCATCAC
PGCla Human GATGCGCTGACAGATGGAGA TAGAGACGGCTCTTCTGCCT 102
PGCla Mouse TGGATGAAGACGGATTGCCC TAGAGACGGCTCTTCTGCCT 128
PGCla genotype Mouse TCCAGTAGGCAGAGATTTATGAC TGTCTGGTTTGACAATCTGCTAGGTC 360 (WT)
400 (PGCla AIEC)
Rplo/RPLO Mouse/human GGCGACCTGGAAGTCCAACT CCATCAGCACCACAGCCTTC 143
Tnfa Mouse CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 175

well as abnormal mitochondrial structure. When PGCla is
deleted from the intestinal epithelium of mice, they develop
dramatically worse experimental colitis. Furthermore, pharma-
cologic stimulation of PGCla activity ameliorates experimen-
tal colitis. Additionally, loss of PGCla was associated with a
decrease in the tight junction protein occludin and an increase
in bacterial translocation in the face of inflammation. Taken
together, these results suggest that a failure of mitochondrial
biogenesis and mitochondrial bioenergetics occurs during the
pathogenesis of colitis and that this failure is dependent upon a
pathologic decrease in PGC1la within the intestinal epithelium.
Strategies aimed at enhancing PGCla activity and mitochon-
drial health in humans may contribute to the treatment of
human IBD.

Experimental Procedures

Materials and Reagents—Antibodies were obtained from the
following: PGCla, NRF-1, NRF-2,and MTCO2 (Abcam, Cam-
bridge, MA); TFAM, TOM20, and ubiquitin (Santa Cruz Bio-
technology, Dallas, TX); EUB338 (IDT Technologies, Cor-
alville, IA); acetylated lysine (Cell Signaling Technology,
Danvers, MA); and B-actin (Sigma). Other reagents used were
SRT1720 (Selleck Biochem, Houston, TX), BrdU (Invitrogen),
and dihydroethidium (DHE; Sigma).

Generation of PGC1a*"*C Mice and Other Experimental
Mice—C57BL/6, Ragl~’~, BALB/c, Vil-cre (B6.Cg-Tg(Vil-
cre)997Gum/J), and PGC1a'”**'°*” mice were obtained from
The Jackson Laboratory (Bar Harbor, ME) and housed in
accordance with the University of Pittsburgh animal care
guidelines. To selectively remove PGCla from the intestinal
epithelium, the PGC1a'**/1**” mice were bred with villin-cre
transgenic mice (PGC1a*"™“ mice).

DSS-induced Colitis—A solution of 2 or 3% dextran sodium
salt (DSS; 36,000-50,000 kDa, MP Biomedicals, Solon, OH) was
administered in the drinking water for 7 days and subsequently
replaced with regular water. Chronic colitis was induced by
alternating between 2% DSS water for 7 days and regular water
for 10 days, for a total of three cycles. Clinical signs of colitis
were recorded daily, and the disease activity index (DAI), which
includes weight loss (0—4), stool consistency (0—4), and blood
in the stool (0—4), was determined (19). Weight loss was calcu-
lated as the change in percent change from the original weight
before initiation of the experiment. 1 ml/100 g of BrdU was
injected intraperitoneally 36 h prior to euthanasia.
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TNBS-induced Colitis—Acute colitis was induced by the
introduction of 5% 2,4,6-trinitrobenzene sulfonic acid (TNBS;
Sigma) dissolved in 50% ethanol into the colons of BALB/c mice
via a transrectal catheter advanced 4 cm proximal to the anus,
as described previously (20). Vehicle control mice received 50%
ethanol in the same manner. Clinical signs were recorded daily,
and the DAI score was determined as described for the DSS
model. Mice were euthanized on day 4, and weight loss was
calculated as the change in grams as compared with the body
weight before initiation of the experiment.

CD4"CD45"RB"¢" T-cell Transfer Model of Chronic
Colitis—Colitis was induced according to the protocol previ-
ously published by Ostanin et al. (21). In brief, splenic CD4™"
T-cells were purified from splenocytes from donor C57BL/6
mice using CD4 (L3T4) MicroBeads (Miltenyi Biotec, San
Diego) and autoMACS cell sorting. Cells with a CD4" (L3T4;
BD Pharmingen, San Diego) and CD45RB™e" (16A; BD
Pharmingen) phenotype were further purified using a FAC-
SAria cell sorter (BD Biosciences). The CD45RB"" population
is identified as the 40% of cells exhibiting the brightest
CD45RB"" staining. CD4 " CD45RB"e" cells (5 X 10° cells in
200 ml of 1X Dulbecco’s PBS (Life Technologies, Inc.)) were
then injected intraperitoneally (i.p.) into recipient Ragl "~
mice. The DAI score for colitis was determined using a scoring
system described above. Mice were euthanized 1 week after the
onset of clinical colitis.

Quantitative Real Time-Polymerase Chain Reaction—Quan-
titative real time PCR (qRT-PCR) was performed as described
previously using the CFX96 real time system (Bio-Rad) (22).
The expression of the genes by qRT-PCR (Table 1) was mea-
sured relative to the housekeeping gene ribosomal protein L15
(Rplo). Total RNA was isolated from whole intestinal tissue or
colonic mucosal scrapings from control and diseased mice and
human intestine using the RNeasy kit (Qiagen, Valencia, CA)
and reverse-transcribed (0.5 ug of RNA) using the QuantiTect
reverse transcription kit (Qiagen).

SDS-PAGE—Mouse tissue or whole cell lysates were pre-
pared using 1X RIPA buffer (Boston Bio, Ashland, MA). Pro-
tein concentration was determined using a bicinchoninic acid
assay (BCA) (Sigma). Protein lysates (30 wg/sample) were sep-
arated on 8 —-12% SDS gel by SDS-PAGE and transferred onto a
PVDF membrane. Membranes were blocked with 5% nonfat
dry milkin 1X TBST or 5% BSA in 1X TBST and probed with
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primary antibody at 4 °C overnight. An HRP-conjugated sec-
ondary antibody (Cell Signaling Technology) was used fol-
lowed by incubation with a chemiluminescent HRP sub-
strate (Thermo-Fisher Scientific, Waltham, MA).

Immunoprecipitation and Immunoblot of PGCIla—Whole
cell lysates of colonic tissue from control and DSS-subjected
mice were prepared by homogenizing ~50 mg of intestinal tis-
sue in 250 pl of T-PER Tissue Protein Extraction Reagent
(Thermo-Fisher Scientific). The protein solution was centri-
fuged for 15 min at 13,000 rpm at 4 °C. The supernatant was
transferred to a new tube, and an aliquot of the protein lysates
was subjected to a BCA to determine the protein concentration.
750 g of protein lysate from each sample was individually
incubated with 2.5 ug of PGCla antibody overnight on a rota-
tor at 4 °C. The antibody-protein complex was then incubated
with protein G Dynabeads (Thermo-Fisher Scientific) and then
immunoprecipitated and eluted according to the manufactu-
rer’s instructions. Immunoblot of the eluted proteins was per-
formed as described above (see under “SDS-PAGE”).

Histological Analysis—Tissues from mice were fixed and
stained with hematoxylin and eosin (H&E) for light micro-
scopic examination. A blinded pathologist evaluated tissues for
signs of disease as described previously (23).

Immunofluorescence—Tissues were fixed with 4% parafor-
maldehyde, dehydrated, and embedded in paraffin blocks. Tis-
sue sections were cut at 5 um, deparaffinized, and rehydrated
through a gradient of xylene and ethanol baths. Citric acid was
used as an antigen retrieval step, and sections were blocked in
1% BSA, 5% donkey serum for 1 h. Sections were incubated with
primary antibody overnight at 4 °C and probed with a second-
ary antibody the following day. A coverslip was placed over
the sections. The sections were allowed to dry and imaged
using an Olympus fluorescent microscope (Olympus, Center
Valley, PA). Bacterial translocation was determined by quan-
tifying bacterial cell fluorescence (EUB338) using grayscale
images of each JPEG file opened in Image]. The level of fluo-
rescence in a given region was determined using the follow-
ing equation: corrected total cell fluorescence = integrated
density — (area of selected cell X mean fluorescence of back-
ground readings). The corrected total cell fluorescence val-
ues, which are arbitrary numbers, were graphed, and stan-
dard deviations were calculated.

Isolation of DNA from Murine Intestinal Crypts—The colons
from 8-week-old WT C57BL/6 mice were isolated, cleared of all
stool, and placed in cold PBS/antibiotic solution with 10% FBS
(Atlanta Biologicals, Flowery Branch, GA), 1% gentamycin (Life
Technologies, Inc.), 1% penicillin/streptomycin (Life Technol-
ogies, Inc.), and 0.2% amphotericin B (Life Technologies, Inc.).
The colons were then incised longitudinally, lavaged, cut into
small (<5 mm) pieces, transferred into cell disruption media
(DMEM (Life Technologies, Inc.), 10% FBS, 1% penicillin/
streptomycin, 4 mm EDTA (Promega, Madison, WI), 1% gen-
tamycin, and 0.2% amphotericin B), and placed on a rotator at
4 °C for 45 min. Following the cell disruption incubation, the
tissue was centrifuged at 4 °C for 30 s at 200 X g. The superna-
tant was removed. The tissue pellet was resuspended in cold
PBS/antibiotic solution and centrifuged at 4 °C for 5 min at
200 X g. This wash step was repeated three times. After the last

10186 JOURNAL OF BIOLOGICAL CHEMISTRY

wash, the crypts (the top “sandy” layer of the pellet) were col-
lected and transferred to a new tube on ice. Total DNA was
isolated from freshly harvested crypts utilizing the Qiagen
DNeasy blood and tissue kit (Qiagen) following the manufactu-
rer’s instructions. The concentration and purity of each DNA
sample were measured via spectrophotometry (ND-2000 spec-
trophotometer; Nanodrop Technologies, Inc., Wilmington,
DE). The quality of each DNA sample was also assessed by gel
electrophoresis.

Quantification of Mitochondrial DNA by Real Time PCR and
Analysis—Total DNA isolated from murine intestinal crypts
was used to determine whether DSS-treated mice had reduced
amounts of mtDNA relative to nuclear DNA (nDNA) in intes-
tinal epithelial cells. A primer set specific for mtDNA and a
primer set specific for nDNA were previously published by
Chen et al. (24) and were utilized in this study. Each DNA sam-
ple was amplified using a Bio-Rad CFX96 real time PCR detec-
tion system (Bio-Rad), with a final reaction volume of 10 ul
containing 1 ng of total DNA, primers (mitochondrion-specific
or nucleus-specific), and 1X iQ SYBR Green Supermix (Bio-
Rad). The amplification conditions for the real time PCR reac-
tions were as follows: 1 cycle of initial denaturation at 95 °C for
4 min followed by 40 cycles of denaturation at 95 °C for 15 s,
annealing at 56 °C for 30 s, and elongation at 72 °C for 30 s. All
real time reactions were carried out in triplicate. A validation
experiment demonstrated that the PCR efficiencies of the mito-
chondrial and nuclear primers were similar, allowing the rela-
tive quantification of mtDNA to be calculated using the com-
parative Ct method (AACt method). The derived AACt values
were converted into fold-difference values, and the range of the
fold-difference (shown by bars on the graph) was derived by the
incorporation of the standard deviation of the AACt value into
the fold-difference calculation. Statistical analysis was per-
formed using GraphPad Prism software (GraphPad, La Jolla,
CA). An unpaired Student’s ¢ test was utilized to determine the
significance between the control and DSS-treated groups. p val-
ues <0.05 were considered significant.

Mitochondrial Electron Transport Enzyme Activity—Whole
tissue was used for the measurement of mitochondrial com-
plexes I, II, and IV as follows: for complex I, the rotenone-
sensitive rate of nicotinamide adenine dinucleotide oxidation
was spectrophotometrically monitored at 340 nm in permeabi-
lized tissue. Complex II activity was determined by measuring
the reduction of dichloroindophenol at 600 nm, which was cou-
pled to the oxidation of CoQ2 using succinate as a substrate.
Thenoyltrifluoroacetone (complex II inhibitor) was used to
determine specificity of the assay for complex II activity. Com-
plex IV was measured by monitoring the oxidation of ferrocy-
tochrome c at 550 nm. Potassium cyanide was used to deter-
mine specificity of oxidation by complex IV.

Electron Microscopy—Samples obtained from both control
and experimental groups were fixed in 2.5% glutaraldehyde
for analysis by electron microscopy. Transmission electron
microscopy (TEM) was performed using a JEOL electron
microscope (model number JSM6335F; JEOL, Peabody, MA)
after tissues were placed into 8-mm? blocks and post-fixed in
1% osmium tetroxide (OsO,) in 0.1 m PBS. Following alcohol
dehydration, tissues were washed with hexamethyldisilizane
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and mounted on studs for sectioning. For transmission electron
microscopy, tissues were placed on 1-mm? blocks and post-
fixed with 1% OsO, containing 1% potassium ferricyanide. Fol-
lowing alcohol dehydration, tissues were further dehydrated
with propylene oxide and then infiltrated with a 1:1 mix of
propylene oxide and Epon overnight. Samples were then infil-
trated with pure Epon overnight at 4 °C, embedded in pure
Epon for24h at 37 °C, and cured for 48 h at 60 °C. Samples were
70 nm sectioned on an Ultra Microtome, placed on copper
grids, and stained with urinal acetate and lead citrate.

DNA Extraction for 16S Analysis—All microbial DNA was
extracted using the PowerSoil DNA isolation kit (MO BIO Lab-
oratories, Carlsbad, CA) in single tube extractions or Power-
Soil-htp 96-well DNA isolation kit (MO BIO). For DNA
extracted using the single tube format, fecal pellets were added
directly into bead tubes and incubated at 65 °C for 10 min fol-
lowed by 95 °C for 10 min. After addition of 60 ul of Solution
C1, the bead tubes were then shaken horizontally on a labora-
tory mixer for 12—18 min at maximum speed using a MO BIO
vortex adaptor. All remaining steps followed the manufactu-
rer’s protocol. For DNA extracted in a 96-well format, fecal
pellets were added to individual wells of the bead plate and
stored overnight at —80 °C. The following day, Bead Solution
and Solution C1 were added, and the plates were incubated at
65 °C for 10 min. The plates were shaken on an Oscillating Mill
MM400 (Retsch, Haan, Germany) with 96-well plate adaptors
for 10 min at speed 20. The plates were rotated 180° and shaken
again for 10 min at speed 20. All remaining steps followed the
manufacturer’s centrifugation protocol.

16S Amplicon PCR and Sequencing—PCR amplification of
the small subunit ribosomal RNA gene (16S rRNA) was per-
formed in triplicate 25-ul reactions. Amplicons were produced
utilizing primers adapted for the Illumina MiSeq (Illumina, San
Diego). Amplicons target the V4 region, and primers utilized
either the Illumina adaptor, primer pad, and linker (forward
primer) or the Illumina adaptor, Golay barcode, primer pad,
and linker (reverse primer) followed by a sequence targeting a
conserved region of the bacterial 16S rRNA gene as described
by Caporaso et al. (25). The only deviation from the protocol
was that PCR was run for 30 cycles. Individual PCR amplicons
were purified, quantified, and pooled in equimolar ratios, and
the library pool was gel-purified prior to submission for
sequencing on the Illumina MiSeq at the RoyJ. Carver Biotech-
nology Center High-Throughput Sequencing and Genotyping
Unit, University of Illinois.

Analysis of 165 Sequences—To increase the size and improve
the quality of 16S amplicons, forward and reverse reads were
stitched together using PEAR. These were then demultiplexed
using QIIME (version 1.9), and quality filtered using UPARSE
(version 8.0). UPARSE was then used to dereplicate reads, clus-
ter reads into operational taxonomic units at an identity thresh-
old 0f 0.97, remove chimeric reads, and generate an operational
taxonomic unit table. Taxonomic assignments to the predicted
operational taxonomic units were made with QIIME using the
UCLUST method. « diversity, B-diversity distances, and prin-
cipal coordinate analyses (PcoA) were calculated using QIIME.
The R vegan package was used to generate nMDS plots from
diversity unweighted unifrac distances and visualize within
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group heterogeneity of PGC1a/'***/'**” wild-type mice and
PGC1a*'™“ mice. Statistical analysis of « diversity (observed
species metric) was performed on samples rarefied to an even
1,600 reads, using a non-parametric test as implemented in
QIIME. « diversity boxplots, PcoA plots, and taxon summary
plots were generated using the ggplot2 package in R.

Human Tissue—Frozen specimens of human tissue were
obtained from the Digestive Disease Tissue Resource of the
University of Pittsburgh. These were surgical specimens from
patients with ulcerative colitis or non-IBD pathology. All of the
specimens received came from banked surgical specimens.
Each sample was accompanied by minimal clinical data, includ-
ing a pathology report that was de-identified by an honest
broker.

Statistics—Results are expressed as the means * S.E. of the
mean (S.E.) or S.D. Statistical analysis was performed using
SPSS 13.0 (IBM, Armonk, NY) software or Graphpad Prism
software. Analysis of variance was used for comparisons in
experiments involving more than two experimental groups.
Two-tailed Student’s ¢ test was used for comparison in experi-
ments consisting of two experimental groups. In all cases, sta-
tistical significance was accepted at p < 0.05 between groups.

Study Approval—All animal studies were approved by the
Institutional Review Board at the University of Pittsburgh and
conducted in accordance with the guidelines set forth by the
Animal Research and Care Committee at the University of
Pittsburgh and the Children’s Hospital of Pittsburgh of UPMC.
Human tissue samples were obtained after approval by the
Institutional Review Board of the University of Pittsburgh.

Results

Peroxisome Proliferator-activated Receptor-vy Coactivator
1-a Is Decreased in Human Colitis and Murine Experimental
Colitis—To characterize PGCla expression in human IBD, we
obtained surgical samples from patients with severe surgical
ulcerative colitis. We found a dramatic decrease in protein lev-
els of PGCla in samples from patients with ulcerative colitis as
compared with control patients (Fig. 1, A and B). A decrease in
the expression of PGCla in ulcerative colitis samples was dem-
onstrated using qRT-PCR (Fig. 1C). We therefore hypothesized
that PGCla would be similarly decreased in the intestines of
mice subjected to a physiologically relevant model of experi-
mental colitis. To demonstrate this, CD4"CD45RB"#" cells
were obtained from the spleens of C57BL/6 mice and trans-
ferred into Ragl /~ mice via i.p. injection. Over 6 weeks, these
mice developed a robust colitis (Fig. 1, D and E). The expression
of inflammatory cytokines was dramatically up-regulated in the
intestines of these mice, although PGCla expression declined
(Fig. 1F). Protein levels of PGCla, as determined by Western
blot, were similarly decreased in T-cell recipient mice as com-
pared with control mice (Fig. 1G). Similar to findings in human
disease, mice subjected to T-cell transfer colitis demonstrated a
decrease in intestinal PGCla. However, this occurred early on
during the pathogenesis of disease. We next sought to define
the expression pattern of PGCla in the pathogenesis of exper-
imental colitis in mice.
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FIGURE 1. Human tissues from patients with ulcerative colitis and control patients were analyzed for PGC1a protein levels via Western blot with densitometry
(Aand B, n = 9-10/group), and PGC1a expression was analyzed using qRT-PCR (C). Rag? "~ mice received CD4*CD45RB"" cells obtained from the spleens
of C57BL/6 mice via intraperitoneal injection (n = 4/group). Over 6 weeks, these mice lost weight and demonstrated inflammatory changes on H&E (D and E,
scale bars, 100 um). They demonstrated a dramatic increase in the expression of inflammatory tissue cytokines. As seen in humans with ulcerative colitis, there
was an overall decrease in RNA expression of PGC1a as well as PGC1a protein levels (Fand G). *, p < 0.05.

PGCIla Demonstrates a Bimodal Pattern of Expression during
the Pathogenesis of Colitis—W'e evaluated PGCl« protein levels
and RNA expression in a model of 3% DSS colitis. Similar to
what was seen in human IBD and murine T-cell transfer colitis,
PGCla is down-regulated at day 7 of DSS exposure as demon-
strated by Western blot (Fig. 24). PGCla is the key regular of
mitochondrial biogenesis, a process whereby new mitochon-
dria are made and damaged mitochondria are repaired. This
process is initiated by PGCla activation and driven largely by
the transcription factors, nuclear respiratory factor (NRF)-1
and 2. Ultimately, this leads to activation of mitochondrial tran-
scription factor A (TFAM), a nucleus-encoded transcription
factor that moves to the mitochondria, promoting transcrip-
tion of the mitochondrial genome. Until recently, no evidence
of abnormal mitochondrial biogenesis in the intestine had been
reported (17). To assess how PGCla down-regulation affects
mitochondrial biogenesis in the intestinal epithelium during
experimental colitis, we evaluated its downstream mediators in
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the biogenesis pathway, which were similarly down-regulated
(Fig. 24). PGCla expression as determined by qRT-PCR dem-
onstrated a similar pattern of RNA expression over the same
time period, although the down-regulation of the mitochon-
drial biogenesis pathway resulted in a decrease in mtDNA copy
number (Fig. 2B). Immunofluorescence for PGCla and an epi-
thelial protein (E-cad) confirms that the decrease in PGClax
occurs primarily within the intestinal epithelium (Fig. 2C). To
demonstrate the pattern of PGCla expression during the
development of murine colitis, mice were subjected to 3% DSS
colitis for 7 days after which mice were then transitioned to
regular drinking water for 2 more days. Mice were euthanized
at 2-day intervals over the course of the protocol, and their
respective tissues were analyzed. We observed an early up-reg-
ulation of PGCla expression at day 1 of DSS exposure (Fig. 2D).
However, PGCla expression falls progressively as animals
begin to demonstrate clinical signs of colitis between days 3 and
5. By day 7, levels are decreased as compared with control mice.
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FIGURE 2. C57BL/6 mice were subjected to 3% DSS colitis for 7 days (n = 8/group). There was an overall decrease in PGC1a, Nrf-1, Nrf-2, and Tfam protein
in intestinal tissue after DSS exposure (A). PGC1« expression was decreased in mice subjected to DSS and assessed using qRT-PCR. DSS-treated mice demon-
strated a 30% reduction in mtDNA content relative to nDNA content as compared with control mice. Relative quantification of mtDNA/nDNA was determined
by real time PCR (B). Immunofluorescence for PGC1a (C, panels i and ii; Cy3, red), E-cad (C, panels iii and iv; Cy5, cyan), and nuclear stain (DAPI, blue) illustrates a
decrease in PGC1a within the intestinal epithelium after 7 days of 3% DSS exposure (C, panels v and vi, merge; scale bars, 100 wm). Quantification of immuno-
fluorescence reveals a statistically significant decrease in PGC1« staining. Mice were then subjected to 3% DSS over 7 days followed by a transition to normal
drinking water for 2 days and sacrificed at 2-day intervals (n = 4/group, 6 groups). mRNA expression of PGC1a demonstrates an early increase, followed by a
decrease over time with levels decreasing significantly as compared with control mice at day 7 (D). Protein levels demonstrate a similar but delayed trend with
levels peaking at day 3 before declining. BALB/c mice were treated with TNBS or ethanol (EtOH) vehicle and euthanized on day 4 after treatment (n = 4/group).
Mice treated with EtOH demonstrated a non-significant decrease in PGC1a protein in intestinal tissue, whereas mice treated with TNBS demonstrated a
significant decrease (E). PGC1a protein was immunoprecipitated from the intestinal tissue of C57BL/6 mice subjected to DSS colitis (n = 8). Lysine residues on
PGC1a protein in mice treated with DSS were highly acetylated as compared with PGC1« from control mice (F). PGC1a protein in mice treated with DSS was
highly ubiquitinated as compared with that from control mice. Densitometry confirms statistical significance. *, p =< 0.05.

Protein levels of PGCla followed a similar but delayed pattern
with levels peaking at 3 days before decreasing by day 5. We
hypothesize that this may represent an early adaptive response
to oxidative stress that ultimately fails in the presence of ongo-
ing insult. To determine whether the observed changes in
PGCla are seen in other chemically induced models of colitis,
we performed TNBS colitis on BALB/c mice. We similarly see a
profound decrease in PGCla by day 4 in TNBS-treated animals
(Fig. 2E). These findings reveal that a decrease in PGCla within
the intestinal epithelium is associated with a down-regulation
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of the machinery of mitochondrial biogenesis and progressive
colitis.

Itis not currently known what causes this decrease in PGCla
during colitis. PGCle is known to be activated by deacetylases,
such as sirtuin 1 (SIRT1). By immunoprecipitating PGCla, we
show here that PGCle is highly acetylated within the intestinal
epithelium after a murine model of DSS colitis (Fig. 2F). Addition-
ally, there is an increase in ubiquitinated PGC1a in mice after DSS
exposure. Thus, we demonstrate that although PGCla expression
is dramatically decreased in the intestinal epithelium after experi-
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Immunofluorescence was performed in mice subjected to DSS to evaluate the mitochondrial outer membrane proteins Mtco2 and Tom20 (B, panels i-x,
n = 8/group, scale bars, 100 um). E-cad (Cy5, cyan) stained intestinal epithelium in both control and DSS tissue (B, panels i and ii). Tom20 (FITC, green) is
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Similarly, Mtco2 (Cy3, red) is significantly decreased in mice subjected to DSS colitis as compared with WT mice (B, panels vii and viii). E-cad demonstrates
colocalization with Mtco2 (B, panels ix and x). All images contain nuclear stain (DAPI, blue). Mitochondrial structure was deranged in the same mice after
DSS treatment as seen on TEM (C, panel i and ii, scale bars, 1 um). DHE staining demonstrated a significant increase in superoxide ions in the intestinal
tissue of mice subjected to DSS, which was confirmed by quantification (C, panels iii and iv, blue to red indicates increase in superoxide ions). Intestinal
tissue from BALB/c mice subjected to TNBS colitis was similarly analyzed for DHE staining, and an increase in superoxide ions is seen in mice with colitis
(D, panels i and ii). *, p = 0.05.

mental colitis, the PGCla protein still present after DSS exposure Evidence of Mitochondrial Dysfunction during Experimental
exhibits decreased activity and has been targeted for proteosomal  Colitis—It has been reported previously that mitochondrial
degradation through ubiquitination. electron transport chain complex activity is altered in the set-
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ting of human colitis as well as murine DSS colitis (11, 12). To
assess evidence of mitochondrial dysfunction in our model, we
subjected C57BL/6 wild-type mice to 3% DSS for 7 days. Similar
to other published reports, we found a decrease in the electron
transport chain complex activity after 7 days of DSS exposure
(Fig. 3A). As seen in Fig. 2, we have also noted a decrease in
mitochondrial biogenesis within the intestinal epithelium of
mice subjected to DSS colitis. To further determine the effect of
DSS colitis and a down-regulation in mitochondrial biogenesis
on mitochondrial mass and structure, we analyzed colonic tis-
sue from the same mice via immunofluorescence for Mtco2 and
Tom?20, two mitochondrial outer membrane proteins along
with an epithelial protein (E-cad). There was a decrease in mito-
chondrial staining within the intestinal epithelium of DSS-
treated mice, suggesting a decrease in overall mitochondrial
mass after DSS colitis (Fig. 3B, panels i—x). TEM of the same
samples demonstrates a severe disruption in mitochondrial
structure with membrane disruption, obliteration of the cristae,
and an accumulation of intra-mitochondrial vesicles upon DSS
exposure (Fig. 3C, panels i and ii). These changes closely resem-
ble those seen in humans with Crohn’s disease (26). This sug-
gests the propensity of mitochondria to leak more ROS per unit
of ATP generated, similar to what has been previously
described (27, 28). In support of this hypothesis, we found a
significant increase in the superoxide content within the intes-
tinal epithelium of DSS-treated mice as measured by DHE oxi-
dation (Fig. 3C, panels iii and iv). Finally, tissues from BALB/c
mice subjected to TNBS colitis were similarly evaluated for
DHE oxidation (Fig. 3D, panels i and ii). These mice were also
found to have a dramatic increase in superoxide content
upon completion of the model. These data taken in aggregate
suggest that PGCla depletion and a subsequent disruption
of mitochondrial biogenesis in the setting of experimental
colitis contributes to a concomitant derangement of mito-
chondrial structure and function as well as an overall
decrease in mitochondrial mass.

Mice Lacking PGCla in the Intestinal Epithelium Develop
Dramatically Worse Colitis than Their Wild-type Littermates—
To evaluate whether the loss of PGCla can be a cause as
opposed to a consequence of colitis, we developed the intestinal
epithelium-specific PGCla knock-out mouse (PGC1a*'™=“) by
mating a PGC1a'*""** mouse with a villin-cre mouse (Fig.
4A). As predicted, immunofluorescence demonstrated that
PGCla was found to be predominantly located at apical entero-
cytes and colonocytes with less expression within the crypts of
WT mice (Fig. 4B, panels i-vi). PGC1a*'*“ mice demonstrated
anear-total loss of PGC1la within the intestinal epithelium with
some islands of expression remaining, which is consistent with
a mosaic pattern of villin expression in the colon. Minimal
expression of PGCla in the intestinal epithelium of PGC1 ™€
mice was confirmed by qRT-PCR (Fig. 4C). PGCla expression
was preserved in other tissues, such as the liver. To demonstrate
that cre-recombination or the absence of PGCla within the
intestinal epithelium has not altered the overall structure or
cellular makeup of the intestinal epithelium, we performed im-
munofluorescence for villin and Muc? in the colon, as well as
Alcian blue staining. Our staining would suggest a similar con-
tent of epithelial cells and goblet cells between strains (Fig. 4D,
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panels iii—iv and xi—xii). We also stained the ileum for lysozyme
and saw no differences in Paneth cell mass (Fig. 4D, panels vii
and viii). A similar proliferative index is noted in both the
PGC1a*™“ mice and the PGC1a'*****” mice as demonstrated
by BrdU staining (Fig. 4D, panels ix and x). Similar results were
seen with Ki-67 and proliferating cell nuclear antigen staining
(data not shown). We do not see significant apoptotic indices in
either strain at baseline (data not shown). Finally, we used 16S
rRNA gene sequencing to determine whether any differences in
a response to experimental colitis could be attributable to
strain-specific differences in the gut microbiota. Fecal samples
were obtained for analysis after mice were weaned. Neither «
diversity nor B diversity (community composition) of fecal
microbial communities differed between the PGC1a*'"“ mice
and their PGC1a/'***/!*" littermates (Fig. 4, E and F). These
studies suggest that PGCla deletion in the PGC1a*'* mice is
near complete in the colon and small intestine. Furthermore,
the deletion is indeed specific to the intestinal epithelium.
These mice do not appear to differ from wild-type mice with
regard to colonic anatomy, cellular makeup, proliferative index,
or their gut microbiome. Individual PGC1a*'* mice have sur-
vived for more than 1 year and have proven to be healthy, with-
out demonstrating any specific phenotype in the absence of an
insult (data not shown). To determine the extent of colitis that
PGC1a*™* mice would develop, we subjected them to 2% DSS.
A lower concentration of DSS is often chosen in susceptible
strains to prevent mortality, preserve intestinal architecture,
and maintain discernible differences between strains.
PGC1a*™=“ mice developed a more severe clinical colitis than
their PGC1a/**"'>*® littermates, as evidenced by a greater
weight loss and higher DAI (Fig. 5, A and B). Histology dem-
onstrated dramatically worse inflammatory changes in the
PGC1a*™€ mice (Fig. 5C). When intestinal tissues were
evaluated by qRT-PCR, we found that PGCla*™¢ mice
expressed much higher levels of intestinal inflammatory
cytokines that are known to be elevated in experimental coli-
tis and human IBD, including /-6, Cxcl15, Tnfw, and II-1[3
(Fig. 5D). Based on the role of PGCla in promoting mito-
chondrial biogenesis, we evaluated activity of the electron
transport chain in mice subjected to DSS. PGC1a*'*“ mice
demonstrated a non-significant decrease in complex I activ-
ity and a significant decrease in complex IV activity as com-
pared with PGC1a'**""°*" mice (Fig. 5E). As seen in Fig. 34,
these are the key complexes that were found to be compro-
mised in our model of DSS colitis. To further characterize
the inflammatory response of PGC1a*"®“ mice subjected to
experimental colitis, we performed a chronic relapsing
model of DSS exposure consisting of three 7-day cycles of 2%
DSS exposure followed by a transition to regular drinking
water for 10 days. As expected, PGC1a*'=“ mice developed
earlier clinical manifestations of the disease and suffered a
more significant clinical colitis during each of the first two
cycles of DSS compared with PGC1a'>**/'**" littermates (Fig.
5F). Interestingly, during the third cycle of exposure, only a
slight non-significant difference in DAI was noted between
the two strains. This may suggest that compensatory mech-
anisms develop over the course of a chronic relapsing disease
that may help to mitigate, in part, the contribution of PGCla
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FIGURE 4. Intestinal epithelium-specific PGC1a knock-out mouse (PGC1a2™®) was created by mating a PGC1a'**"°*® mouse with a villin-cre mouse. Mice
were genotyped using RT-PCR (A). Immunofluorescence for PGC1« (Cy3, red), E-cad (FITC, green), and nuclear stain (DAPI, blue) demonstrates a significant decrease of
PGC1a protein within the intestinal epithelium of PGC1a*'® mice (B, n = 8/group, scale bars, 100 um). Staining in both the colon and ileum was quantified.
Representative images are provided from the colon of PGC 1/ mice (B, panel i) and PGC1a*" mice (B, panels iiand iii) as well as the ileum of PGC 1o/ mice
(B, panel iv) and PGC1a*" mice (B, panels v and vi). qRT-PCR of intestinal tissue demonstrates PGC1a expression in the colon, ileum, and liver of PGC1a*¥“ and
PGC1a/*®® mjce. Expression is decreased in the intestines of PGC1a*'¢ mice as compared with PGC1a/®1°® mice but not in the liver (C). No differences in
intestinal morphology were noted between strains (D, panels i and ii). Immunofluorescence was performed for colonic villin (D, panels iii and iv, scale bars, 100 pm),
colonic Muc2 (D, panels v and vi), ileal lysozyme (D, panels vii and viii), and colonic BrdU (D, panels ix and x). When quantification was performed, no differences were
noted between strains. Alcian blue staining for goblet cells was similar between strains (D, xi and xii). 8 diversity comparisons of microbial communities within fecal
samples from PGC1a"5 mice and their PGC 1o/ |ittermates are not significant. Shown are the observed species indices for each sample group (E). Displayed are
principal coordinate analyses of unweighted Unifrac distances between all samples analyzed. Axis labels indicate the proportion of variance explained by each
principal coordinate axis. Fecal samples of the two strains do not cluster separately within the principal coordinate space. Diversity within each group is as great as the
diversity between sample types. « diversity comparisons of microbial communities within fecal samples from PGC1a*'® mice and their PGC 1o/ |ittermates are
not significant. Shown are the observed species indices for each sample group (F). *, p =< 0.05.
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FIGURE 5. Intestinal epithelium-specific PGC1a knock-out mouse (PGC1a'€) was subjected to 2% DSS for 7 days along with PGC1a'**P/'°*® |itter-
mates (n = 8/group). When the % body weight was evaluated, significant differences were noted between PGC1a*'¥ control versus PGC1a*'¥ DSS-treated
mice (#, p = =0.05), PGC1a*'E€ DSS versus PGC1a'*1°" DSS-treated mice (*, p =< 0.05), and PGC1a/**1* control versus PGC1a/'**/'>*P DSS-treated mice ($,
p = 0.05) (A). DAl score for PGC1a*"E mice was significantly higher than that for PGC1a/*®'°® mice subjected to DSS colitis (B). Histologically, PGC1a*'5 mice
developed a more dramatic colitis, as quantified by average histology grade (C, scale bars, 100 pwm). PGC1a*"® mice also demonstrated a significant increase
in pro-inflammatory tissue cytokine release as compared with PGC1a'”™'*® mice (D). Activity of the electron transport chain complexes | and IV were
significantly decreased in both strains of mice after DSS exposure. However, complex IV activity was significantly decreased in PGC 15 mice subjected to DSS
as compared with PGC1a'”'°® mice similarly treated (). PGC1a*"E mice and PGC1a'*'*" mice were subjected to a chronic model of 2% DSS exposure (n =
16/group). Significant differences in DAl were noted in the first two cycles of DSS treatment but not the third cycle (F). As seen after acute DSS colitis, PGC1«
is decreased in the intestines of PGC1a'”*/'>*P mice after the completion of the chronic DSS model. *, p =< 0.05.

depletion to inflammation. Alternatively, we noted a to resemble the PGC1a*"® mice in terms of PGCla protein
decrease in PGCla protein levels within the intestinal epi- levels in the intestine and may in turn respond to DSS expo-
thelium of WT mice at the end of the model similar to that sure similarly. These data suggest that PGCla plays a key
seen after a 7-day DSS exposure, indicating that the down- role in preventing or ameliorating experimental colitis and
regulation of PGCla remains stable over time. Thus, by the  that its down-regulation during disease contributes to the
third cycle of DSS colitis, the PGC1a'***/"** mice may come initiation and propagation of inflammation.

MAY 6,2016-VOLUME 291-NUMBER 19 SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 10193



PGC1a s Critically Important in Colitis

SRT1720 Stimulates an Increase in Intestinal PGCla and
Ameliorates Experimental Colitis—Having demonstrated that
the deletion of PGC1la from the intestinal epithelium increases
the severity of experimental colitis in mice, we next sought to
further confirm the protective role of PGCla in the intestine
using pharmacologic means. Thus, we treated C57BL/6 wild-

type mice undergoing DSS colitis with 100 mg/kg/day of the
Sirt1 activator SRT1720. SIRT1 is a powerful deacetylase that is
known to activate PGCla and drive mitochondrial biogenesis
(29). SRT1720 has been shown to enhance mitochondrial bio-
genesis in a SIRT1-dependent process (30-35). SRT1720-
treated mice were found to be protected from experimental
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colitis as predicted (Fig. 6, A and B). H&E sections of colonic
tissue demonstrated a preservation of epithelial architecture in
mice receiving SRT1720, whereas TEM demonstrated a relative
preservation of mitochondrial structure (Fig. 6, B and C). As
shown in Fig. 6D, we observed an increase in PGCla protein in
the intestines of mice receiving SRT1720 while subjected to
DSS colitis. This was an unexpected finding, although PGCla is
thought to be able to drive its own expression through a positive
feedback loop (36). A modest increase in RNA expression of
PGClaisalso seen in these mice (Fig. 6E). Additionally, expres-
sion of Tufa, inos, and Cxcll5 was significantly decreased
within the intestinal tissue of DSS-treated mice receiving
SRT1720. To evaluate the effects of PGCla activation on mito-
chondrial function, we once again performed an analysis of
electron transport chain activity. SRT1720 was shown to have
minimal impact on complex I activity, although it significantly
increased complex IV activity (Fig. 6F). When we treated
PGC1a*""“ mice with SRT1720 while undergoing DSS colitis,
there was a minimal effect on DAI and no significant changes to
histology or inflammatory cytokine expression (Fig. 6, G-I),
suggesting that SRT1720 protects against DSS colitis, at least in
part, through an up-regulation and activation of PGCle in the
intestinal epithelium and not in other cell types.

Loss of PGCla Leads to a Decrease in Intestinal Barrier Func-
tion, Leading to Increased Bacterial Translocation—Defects in
intestinal barrier function are known to be characteristic fea-
tures of IBD (37). Furthermore, it has been hypothesized that
the maintenance of the intestinal barrier requires healthy mito-
chondria and robust ATP availability (38). Thus, we hypothe-
sized that changes in PGCla expression with a resultant dis-
ruption in mitochondrial biogenesis would lead to abnormal
barrier function, resulting in bacterial translocation. In situ
staining of bacterial 16S rRNA using the EUB338 probe dem-
onstrated mild bacterial translocation in PGC1a'**""**" mice
subjected to DSS colitis (Fig. 7, A and B). PGC1a*™“ mice
demonstrated significantly greater translocation after DSS
exposure. This suggests that PGCla contributes to the mainte-
nance of barrier function during intestinal inflammation. To
investigate how a decrease in PGCla may lead to increased
bacterial translocation, we evaluated tight junction protein lev-
els in intestinal tissue. At baseline, we noted a slight decrease in
occludin levels in PGC1a*"™™“ control mice as compared with
PGC1a'**1xP mice. Following exposure to 2% DSS, occludin
protein levels were mildly decreased in PGC1a'***/***" mice but

PGC1as Critically Important in Colitis
were nearly undetectable in PGC1a*™“ mice (Fig. 7C). Expres-
sion levels of occludin RNA were not significantly decreased in
PGC1a'***1**” mice subjected to DSS colitis. However, expres-
sion levels were significantly decreased in PGC1a*™™ mice
(Fig. 7D). Immunofluorescence for occludin confirms that
occludin protein is decreased in PGC1a'**/'**F mice subjected
to experimental colitis but that occludin levels are significantly
lower in PGC1a*'®“ mice (Fig. 7E). A similar decrease in Zo-1
protein was noted, but not in Claudin-1. Differences in Zo-1
expression and immunofluorescence, however, were not seen
(data not shown). Taken together, these data suggest that PGCla
plays a key role in maintaining the intestinal barrier, likely through
its effects on mitochondrial biogenesis and cellular energetics. A
decrease in PGCla with the initiation of inflammation leads to a
decrease in expression of the tight junction protein occludin, con-
tributing to enhanced bacterial translocation.

Discussion

We show here that PGCla protects against colonic inflam-
mation and promotes mitochondrial homeostasis within the
intestinal epithelium. Moreover, an observed decrease in
PGCla in the intestine contributes to the pathogenesis of coli-
tis through a derangement of mitochondrial function and a
breakdown of the intestinal barrier (Fig. 8). In support of this
paradigm, we have demonstrated for the first time that mito-
chondrial biogenesis is significantly decreased within the intes-
tine during the early stages of experimental colitis. Further-
more, we show that during experimental colitis there is a
significant increase in the acetylation status and the ubiquitina-
tion state of PGCla protein in the intestinal epithelium. We
propose that the increase in acetylated PGCl« is indicative of
inactive protein, which eventually becomes ubiquitinated for
proteosomal degradation in an attempt to prevent a large cel-
lular buildup of inactive protein. PGClea is known to contain at
least 13 acetylation sites, and acetylation status of these resi-
dues is strongly associated with repression of PGCla activity
(29). This is consistent with our results demonstrating a down-
regulation of gene and protein expression mediated by PGCla.
In contrast, NAD " -dependent deacetylases, such as SIRT1, cat-
alyze the deacetylation of PGCle, converting it to its active
form and initiating the mitochondrial biogenesis pathway, reg-
ulating oxygen consumption in cells and increasing the tran-
scriptional activity of PGCla (29, 39 —42). The PGCla-SIRT1
interaction has been shown to boost mitochondrial activity in

FIGURE 6. C57BL/6 mice were subjected to 3% DSS colitis and SRT1720 100 mg/kg/day via oral gavage versus vehicle (water). Significant differences in
% body weight change were seen in control versus DSS (*, p = 0.05), control + SRT1720 versus DSS + SRT1720 (#, p =< 0.05), and DSS versus DSS + SRT1720 (S,
p = 0.05) (A, n = 8/group). Histopathology demonstrated significant manifestations of disease in DSS-treated animals with a preservation of architecture in
SRT1720-treated animals (B, panels i-iv, scale bar, 100 um). TEM demonstrated a predicted derangement of mitochondrial structure in mice subjected to DSS
colitis with a partial preservation of structure in SRT1720-treated mice (B, panels v-viii, scale bar, 1 um). The average histology grade for DSS + SRT-treated mice
is significantly lower that that for DSS-treated mice (C, *, p =< 0.05). No changes were seen in control mice (data not shown). Interestingly, PGC1a was increased
in SRT-treated DSS animals as compared with DSS-treated mice, as demonstrated by Western blot and qRT-PCR (D and E). Similarly, tissue cytokine release was
significantly decreased in DSS + SRT-treated mice as compared with DSS-treated mice (E). Activity of the electron transport chain complexes | and IV were
significantly decreased in both DSS and DSS + SRT-treated mice. However, complex IV activity was significantly decreased in DSS as compared with DSS +
SRT-treated mice (F). PGC1a*'E mice treated with SRT1720 along with DSS exposure demonstrated minimal protection from DSS colitis (G and /). Significant
differences in DAl were noted between PGC1a2'E control versus PGC1a2'E€ DSS-treated mice (p = =< 0.05), PGC1a*'E€ DSS versus PGC1a!**1o® DSS-treated
mice (& p = 0.05), PGC1a'>®"'*" control versus PGC1a'>*/'°x" DSS-treated mice (#, p = 0.05), and PGC 14" control versus PGC1a/**/'*P DSS + SRT-treated
mice ($, p = 0.05) (G). A small but significant difference in DAl score was noted between PGC1a*'® DSS versus PGC1a*'® DSS + SRT-treated mice only at day
7 (*,p = 0.05). Average histology grades were not significantly different between PGC1a'®€ DSS-treated mice and PGC1aA'®€ DSS + SRT-treated mice (H, scale
bar, 100 um; *, p < 0.05; ns, not significant). Similarly, tissue cytokine levels were not significant between PGC1a*'¥ DSS-treated mice and PGC1a"®“ DSS +
SRT-treated mice (I, *, p < 0.05; ns, not significant).
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FIGURE 7. After 7 days of 2% DSS exposure, in situ staining for bacterial 16S rRNA using EUB338 (red) and DAPI nuclear stain (blue) was performed (A, n =

8/group, scale bar, 100 um). A significant increase in bacterial translocation is seen in PGC1a*'®¢

mice when compared with PGC1a/°*/'**® mice. Quantification

of immunofluorescence demonstrates statistical significance (B). The tight junction protein occludin is mildly decreased in PGC1a'**'°*F mice subjected to
DSS colitis. Occludin levels in PGC1a*'5 mice are decreased at baseline and are nearly absent after DSS colitis. Zo-1 levels are also decreased in PGC1a*'5 mice
subjected to DSS colitis as compared with control mice (C). qRT-PCR analysis reveals stable expression of occludin in PGC1a'*'**® mice subjected to DSS as

compared with control mice, whereas a significant decrease is seen in PGC1a*'E¢

mice subjected to colitis (D). Immunofluorescence for occludin demonstrates

a diffuse decrease in staining after DSS induction in PGC1a/*®/'**" mice with a greater decrease in PGC1a*'5 mice (E, scale bar, 100 um).*, p < 0.05.

neurons, although decreased deacetylation of PGCla by SIRT1
leads to altered metabolism in cardiomyocytes (43, 44). Fur-
thermore, activation of the SIRT1-PGCl« axis has proven ben-
eficial in trauma-hemorrhage, oxidant-induced renal injury,
and neurodegenerative diseases among others (33, 45, 46). Our
key finding is that a loss of PGCl« in the intestinal epithelium,
as seen in human IBD, predisposes mice to mitochondrial stress
and inflammation during experimental murine colitis. Stimu-
lation of PGCla transcription and activation protects against
inflammation in our model of colitis. Key intermediates of
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mitochondrial biogenesis are similarly down-regulated with
PGCla depletion during colitis, including NRF-1 and -2 (47,
48). Tfam, a nuclearly encoded mitochondrial transcription
factor that provides the critical link between the nucleus and
the mitochondrion during mitochondrial biogenesis, is simi-
larly decreased in mice subjected to experimental colitis. This
results in a decrease in both mtDNA copy number and the
number of healthy mitochondria in the intestinal epithelium.
This down-regulation of the mitochondrial biogenesis machin-
ery is accompanied by a decrease in mitochondrial function, a
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Proposed Paradigm: PGC1a Protects against Experimental Murine Colitis
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FIGURE 8. We propose that PGC1« is inactivated through acetylation and targeted for degradation by ubiquitination within the intestinal epithelium
during intestinal inflammation. A decrease in PGC1« protein down-regulates the mitochondrial biogenesis pathway and results in an overall decrease in
healthy mitochondria. This potentiates inflammation through a dysregulated release in ROS, decreased oxidative phosphorylation, and an accumulation of
unhealthy mitochondria. Consequently, there is a decrease in the tight junction protein occludin, and the intestinal barrier is compromised leading to

translocation of luminal bacteria.

derangement of mitochondrial structure, and an increase in
oxidative stress. Although decreased PGCla contributed to a
morphologic and bioenergetic failure of mitochondria, it may
also contribute to oxidative stress, which is a hallmark of colitis.
PGCla-dependent mitochondrial failure is associated with a
potentiation of bacterial translocation in the gut, likely through
a decrease in the tight junction protein occludin. Taken
together, these data highlight how colitis develops, in part,
through a disruption of mitochondrial integrity.

The current findings extend our knowledge regarding the
role of mitochondrial failure in the development of intestinal
inflammation. ROS and reactive nitrogen species (RNS) have
long been known to serve as key intermediates in the pathogen-
esis of IBD; however, the cause of dysregulated ROS/RNS
release during intestinal inflammation remains unknown.
Here, we provide evidence outlining a potential mechanism for
increased oxidative stress during colitis. PGCle is known to
play a key role in the control of ROS homeostasis. It is required
for the induction of some antioxidants and is known to help
coordinate skeletal muscle tissue adaptation during exercise
(49-51). Under conditions of oxidative stress, PGCla tran-
scriptional activity can increase as a means of buffering ROS
production (52). This may explain why PGCla is up-regulated
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early on during acute DSS colitis. This early adaptive response
to increasing oxidative stress ultimately fails with ongoing
insult. As the key regulator of mitochondrial biogenesis,
PGCla loss contributes to the degradation of mitochondrial
function, resulting in the propensity to leak ROS (27, 28).
Through acetylation and ubiquitination, PGCle is deactivated
and removed from the intestinal epithelium, contributing to
inflammation largely through ROS release. Previous studies
have suggested that mitochondrial function is compromised in
the setting of intestinal inflammation. ROS/RNS have long
been implicated in the pathogenesis of colitis (6). Multiple stud-
ies have demonstrated increased ROS/RNS in the colonic
mucosa of animals subjected to models of colitis, and levels
seem to correlate with severity of disease (7). Similarly, there is
a depletion of endogenous antioxidants and increased accumu-
lation of biomarkers of oxidative damage (8, 9). Endogenous
and exogenous antioxidant compounds have been demon-
strated to ameliorate experimental colitis using both chemical
and genetic methods (10, 53). Trials of some antioxidant com-
pounds in humans with IBD have demonstrated promising yet
limited results. A decrease in both expression and function of
the components of the mitochondrial electron transport chain
has also been demonstrated in humans with IBD and mice sub-
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jected to experimental colitis (11-13). With changes appearing
in inflamed and non-inflamed segments of bowel, these data
may suggest underlying changes in mitochondrial function,
which may contribute to not only the pathogenesis of colitis,
but also to the susceptibility to disease. Finally, some mtDNA
polymorphisms, which increase ATP levels in mice, have been
shown to protect mice from experimental colitis (54). This adds
relevance to previous studies demonstrating decreased ATP
levels within the intestinal epithelium of humans with IBD (55,
56). Our studies demonstrate a PGCla-dependent decrease in
mitochondrial mass and a severe derangement of mitochon-
drial structure during colitis. Based on these results, we now
speculate that mitochondrial dynamics, in particular mito-
chondrial biogenesis, are disrupted during colitis, which con-
tributes to the pathogenesis of disease (Fig. 8).

Mitochondrial dysfunction alone is most likely not enough to
cause significant inflammatory changes in the intestine. Specif-
ically, increased oxidative stress is not thought to be a primary
activator of disease (6). Similarly, low ATP levels within areas of
active inflammation are known to be a hallmark of disease;
however, the molecular causes of a low energy state have until
now been poorly understood (54, 55). Recent evidence has sug-
gested a critical link between cellular bioenergetics and the
maintenance of the mucosal barrier (57-61). It is postulated
that the perijunctional cytoskeleton that associates with and
supports tight junction proteins demonstrates ATP-dependent
contractility (62). Furthermore, tight junction stability is
thought to be dependent on adequate energy stores (63). Thus,
any perturbation in mitochondrial dynamics within the intesti-
nal epithelium could lead to changes in the intestinal barrier
integrity. We investigated intestinal barrier function through
an analysis of bacterial infiltration and translocation through
the mucosal barrier as well as an analysis of tight junction pro-
teins. As expected, the PGC1a*'®© mice demonstrated a dra-
matic increase of bacterial infiltration into the intestinal tissue.
Increased translocation is associated with a decrease in the tight
junction protein occludin. A down-regulation of occludin has
been noted in both ulcerative colitis and Crohn’s disease, and evi-
dence would suggest that occludin is a key regulator of tight junc-
tion function (64— 66). Thus, we now hypothesize that changes in
PGCl expression, with a resultant disruption in mitochondrial
biogenesis, lead to abnormal barrier function, in part through a
loss of the tight junction protein occludin. These findings lend
increased significance to the role of PGCla in the development of
IBD.

It is possible that PGC1la may be exerting a protective role in
the intestinal epithelium through other mechanisms as well.
Although these data would suggest that the dominant contri-
bution of PGCla comes from its effects on mitochondrial
dynamics and function, PGCla can also play a role in regulating
cellular metabolism. For instance, through its interaction with per-
oxisome proliferator-activated receptor y and estrogen-related
receptor o, PGClais known to stimulate the uptake and oxidation
of fatty acids and cholesterol, driving gluconeogenesis (67, 68). In
skeletal muscle, PGCla is required for the expression of glucose
transporter type 4 (GLUT4), which can drive glucose uptake in the
presence of insulin (68). Furthermore, PGCla is known to have
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direct effects on oxidative phosphorylation, enhancing efficient
energy production from mitochondria (69).

The mitochondria themselves may play key roles in innate
immune signaling in the intestinal epithelium. Damaged or dys-
regulated mitochondria as well as mitochondrially derived ROS
have been demonstrated to activate the NLRP3 inflammasome
(70-72). Mitochondrial disruption during the pathogenesis of
IBD may similarly activate the mitochondrial unfolded protein
response. Additionally, damaged mitochondria may release
mitochondrial damage-associated molecular patterns, which
would potentiate further damage within the epithelium (73).

In summary, we now show that the documented decrease in
PGCla within the intestinal epithelium is not only a marker of
pre-neoplastic ulcerative colitis but also a significant contribu-
tor to intestinal inflammation. Furthermore, the activation of
PGCla and mitochondrial biogenesis appears to contribute to
gut homeostasis and barrier function at baseline. Such findings
not only offer insights into the molecular mechanisms that lead
to the development of colitis, but also potentially identify novel
therapeutic targets for this highly morbid disease.
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