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Abstract

Introduction: Intestinal fibrosis, characterized by excessive
deposition of extracellular matrix proteins, isa common and
severe clinical complication of inflammatory bowel disease
(IBD). However, the mechanisms underlying fibrosis remain
elusive, and currently, there are limited effective pharmaco-
logic treatments that target the development of fibrosis. Hy-
poxia is one of the key microenvironmental factors influenc-
ing intestinal inflammation and has been linked to fibrosis.
Objective: In the present study, we sought to elucidate the
impact of hypoxia on fibrotic gene expression in the intesti-
nal mucosa. Methods: Human volunteers, IBD patients, and
dextran sulphate sodium-treated mice were exposed to hy-
poxia, and colonic biopsies were collected. The human intes-
tinal epithelial cell line Caco-2, human THP-1 macrophages,
and primary human gut fibroblasts were subjected to hy-
poxia, and changes in fibrotic gene expression were as-
sessed. Results: Human volunteers subjected to hypoxia

presented reduced transcriptional levels of fibrotic and epi-
thelial-mesenchymal transition markers in the intestinal mu-
cosa. IBD patients showed a trend towards a decrease in tis-
sue inhibitor of metalloproteinase 1 protein expression. In
mice, hypoxic conditions reduced the colonic expression of
several collagens and matrix metalloproteinases. Hypoxic
Caco-2 cells, THP-1 cells, and primary gut fibroblasts showed
a significant downregulation in the expression of fibrotic
and tissue remodelling factors. Conclusions: Stabilization of
hypoxia-inducible factors might represent a novel therapeu-
tic approach for the treatment of IBD-associated fibrosis.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Intestinal fibrosis is a frequent and severe complica-
tion in Crohn’s disease (CD) and ulcerative colitis (UC),
the main clinical manifestations of inflammatory bowel
disease (IBD) [1]. IBD-associated fibrosis is linked with
colonic wall thickening, fibrotic strictures, and stenosis
and ultimately leads to irreversible tissue dysfunction and
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obstruction of the bowel [2]. Disease complications such
as strictures, fistulas, and abscesses are the main indica-
tion for surgery, leading to one-third of CD patients un-
dergoing surgical resection of fibrotic intestinal tissue [3].
Consequently, a better understanding of the mechanisms
of IBD-associated fibrosis, as well as further insights into
possible therapeutic approaches, is essential to address
this major health problem.

In response to tissue injury and inflammation, pro-
cesses involved in promoting tissue repair (healing) are
triggered in the intestinal mucosa. The wound healing re-
sponse requires highly organized modulation of various
factors and cell types, including immune cells, mesenchy-
mal cells, and epithelial cells, in the wound region. This
process involves 3 seamless and overlapping phases: the
inflammatory phase, the proliferative phase, and the re-
modelling phase. During the inflammatory phase, resi-
dent cells produce factors that trigger the recruitment of
immune cells into the injury. Infiltrating monocytes dif-
ferentiate into macrophages and become the main cell
population [4]. Mediators released during the inflamma-
tory phase also recruit fibroblasts, thereby initiating the
proliferative phase and a fibrogenic response character-
ized by the deposition of extracellular matrix (ECM) pro-
teins, such as fibronectin and collagens, in the wound re-
gion. During the remodelling phase, matrix metallopro-
teinases (MMPs) are produced and degrade the preformed
ECM scaffolds. If the inflammatory phase is inappropri-
ately sustained, an overeactive wound healing response,
characterized by excessive deposition of collagen and
other ECM proteins, can lead to fibrosis and scar tissue
formation.

Tissue hypoxia is increasingly recognized as an impor-
tant factor influencing the development of IBD. In fact,
high levels of hypoxia-inducible transcription factors have
been detected in colonic samples from IBD patients [5]
and mouse models of colitis [6]. In chronically inflamed
and fibrotic tissues, elevated consumption of oxygen by
infiltrating inflammatory cells and active resident cells de-
pletes the local oxygen, rendering the intestinal mucosa
transiently hypoxic [7]. Limited vascular perfusion also
leads to reduced oxygen availability in cells [4, 7]. Conse-
quently, hypoxia-mediated responses are critically in-
volved in essentially all processes of inflammation and
wound healing [8]. Transcriptional responses to hypoxia
are regulated by a family of transcription factors known as
hypoxia-inducible factors (HIFs), which are tightly regu-
lated by oxygen-dependent prolyl hydroxylases and fac-
tor-inhibiting HIFs [9]. Under normoxia, prolyl hydrox-
ylation leads to proteasomal degradation of the HIFa sub-
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units, whereas asparaginyl hydroxylation inhibits HIFa
transcriptional activity [10]. During hypoxia, HIFa sub-
units translocate to the nucleus, where they heterodimer-
ize with the common P subunit and bind to the regulatory
regions of target genes, allowing the tissue to adapt to hy-
poxia and promote survival processes. In view of the crit-
ical role of oxygen in cell survival and homeostasis, cells
have evolved many molecular mechanisms that enable
them to adapt to hypoxia [7, 11]. Moreover, there is
mounting evidence that hypoxia triggers protective mech-
anisms that contribute to the resolution of inflammation
in several models of IBD [11, 12]. In conditional knock-
out mice, loss of HIF-1a expression in the epithelium
leads to more severe colitis, while transgenic overexpres-
sion of active HIF-1a is protective [6]. Accumulated evi-
dence shows that modulating hypoxia-associated path-
ways is a potential therapeutic approach in intestinal fi-
brosis; however, clinical studies are needed to confirm the
therapeutic benefit of hypoxia in patients [13].

Transforming growth factor (TGF) B is regarded as the
principal mediator of fibrosis in virtually all organs, in-
cluding the gut. TGFp triggers proliferation and differen-
tiation of fibroblasts and is a potent inducer of major
ECM proteins, such as fibronectin and collagens [14].
TGEFp signalling also promotes epithelial-mesenchymal
transition (EMT) [15], a process that involves the repres-
sion of the epithelial phenotype and the induction of mes-
enchymal factors, including the myofibroblast marker
a-smooth muscle actin ( encoded by the ACTA2 gene),
and increases cell transmigration through the basement
membrane. In turn, the activity of TGFp is attenuated or
enhanced by other cytokines. For instance, interleukin-1
and tumour necrosis factor-a, which modulate TGEp sig-
nalling at several levels, are well-characterized pro-fibrot-
ic cytokines that have been shown to be reduced by hy-
poxia, likely through the inhibition of nuclear factor kB
activity [12, 16]. A better understanding of how fibrosis
and wound healing processes are modulated by hypoxia
will provide insights into possible therapeutic approaches
for the treatment of intestinal fibrosis.

In previous studies, we have assessed the effects of hy-
poxia on colonic pro-inflammatory gene expression and
signalling in vivo and cultured human intestinal epithe-
lial cells (IECs) and monocytes [12, 17]. In the present
work, we sought to elucidate the impact of hypoxia on
fibrotic gene expression in colon biopsies of human sub-
jects and mice, as well as Caco-2 cells, macrophages, and
primary gut fibroblasts. Our results point to reduced fi-
brotic processes in the gut through the transcriptional
regulation of fibrosis-associated gene expression.
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Table 1. Participant characteristics

Item HV CD ucC
Subjects, n 10 11 9
Gender, female, n (%) 3 (30.0) 6 (54.5) 5(55.6)

Age, mean + SD (range), years
Weight***, mean + SD (range), kg
BMI, mean + SD (range), kg/m?

28.2+4.9 (20-36)
69.3+11.0 (48-82)
nd

35.2+13.3 (20-61)
75.2+10.4 (54-93)
24.9+2.0 (22-29)

31.4+10.8 (18-53)
75.9+29.0 (55-146)
24.8+8.1 (19-44)

Smoking status 2/10 (20.0%) 3/11 (27.3%) 2/9 (22.2%)
Disease severity

Harvey-Bradshaw Index for CD patients (median, IQR) na 0.0 na

Partial Mayo Score for UC patients (median, IQR) na na 0.0
Medical history

Azathioprine/6-MP na 5/11 (45.5%) 7/9 (58.3%)
Methotrexate na 1/11 (9.1%) 0
Anti-TNF na 6/11 (54.5%) 2/9 (16.7%)
Systemic steroids na 1/11 (9.1%) 3/9 (25.0%)
NSAID intake na 2/11 (18.2%) 6/9 (75.0%)

6-MP, mercaptopurine; CD, Crohn’s disease; HV, healthy volunteers; IQR, interquartile range; UC, ulcerative colitis; SD, standard
deviation; na, not applicable; nd, no data; NSAID, non-steroidal anti-inflammatory drug; TNF, tumour necrosis factor.

Methods

Human Subjects

Healthy subjects (n = 10), patients with CD (n = 11), and pa-
tients with UC (n = 9) in stable remission were subjected to hy-
poxic conditions corresponding to an altitude of 4,000 m.a.s.1. for
3 h using a hypobaric pressure chamber at the Swiss Aeromedical
Center in Dubendorf, Switzerland [18]. Clinical activity in patients
with CD and patients with UC was assessed using the Harvey Brad-
shaw Index and the Partial Mayo Score, respectively. The partici-
pant characteristics are shown in Table 1. For endoscopy, Olympus
EVIS EXERA III (GIF-H190) and Olympus EVIS EXERA (CF-
Q160) (Olympus Schweiz, Wallisellen, Switzerland) were used. Bi-
opsies from the sigmoid colon were collected using standard size
forceps (2.4 mm) the day before hypoxia, immediately after hy-
poxia, and 1 week after collection of the first sample at the Depart-
ment of Gastroenterology and Hepatology of the University Hos-
pital, Zurich. This study was approved by the Ethics Committee of
the Canton of Zurich (KEK-ZH Nr. 2013-0284; date of approval:
April 23, 2014), and all participants signed an informed consent
form. The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki.

Immunohistochemistry

Intestinal specimens from the distal third of the colon were em-
bedded in paraffin and cut in 5-pm sections with a microtome.
Immunostaining for TIMP1 was performed on Leica Bond Max
instruments using Refine HRP-Kits (Leica Biosystems, Newcastle,
UK) and processed according to the manufacturer’s instructions
prior to the incubation with rabbit monoclonal TIMP1 antibody
(cat. no. ab211926; Abcam, Cambridge, UK) at a 1:1,000 dilution.
Rabbit anti-guinea pig (cat. no. P0141; Dako, Glostrup, Denmark)
was used as a secondary antibody at a 1:100 dilution. Quantifica-

Hypoxia Reduces Fibrotic Gene
Expression in the Gut

tion was performed using Image] Analysis Software (National In-
stitutes of Health, Bethesda, MD, USA) [19] using the Colour
Threshold tool, and the resulting value was normalized to quanti-
fication of nuclei staining.

Mouse Experiments

Female (C57BL/6]) mice between 8 and 10 weeks of age were
administered with 2% DSS [20] (MP Biomedicals) in drinking wa-
ter ad libitum for 7 days and then subjected to hypoxia (8% O,) in
a normobaric hypoxic tent (Coy Laboratory Products, Grass Lake,
MI, USA) for 18 h. Mice were then euthanized, and colonic sam-
ples were collected. Mice kept under normoxic conditions (21%
0,) were used as control. Mice were exposed to 2% DSS in drinking
water ad libitum for 5 days and were co-administered with 8 mg
DMOG (Frontier Scientific, Logan, UT, USA) dissolved in PBS
injected intraperitoneally every second day, as previously de-
scribed [21]. Control mice received PBS. After a recovery period,
mice were killed at day 9 and distal colon biopsies were taken. All
animal experiments were approved by the Veterinary Office of the
Canton of Zurich, Switzerland (ZH216-2014; date of approval: De-
cember 5, 2016).

Cell Culture and Exposure to Hypoxia

Primary human fibroblasts were obtained from surgical resec-
tion specimens collected from healthy areas of the mucosa of a
patient with colorectal carcinoma. The study was approved by the
ethics committee of the University of Zurich (EK-1316; date of ap-
proval: January 19, 2007) and was performed according to the Dec-
laration of Helsinki. Human intestinal fibroblasts were isolated
and cultured as described previously [22]. The isolated cells were
cultured in DMEM supplemented with 10% fetal calf serum
(VWR). Caco-2 cells were obtained from the German Collection
of Cells and Microorganisms (DSMZ, Braunschweig, Germany)
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Table 2. TagMan gene expression assays

Gene Full name TagMan assay ID
Human genes

TGEp Transforming growth factor beta Hs00998133_m1
ACTA2 Actin alpha 2, smooth muscle Hs00426835_g1
VIM Vimentin Hs00185584_m1
CDH1 Cadherin 1 Hs01023895_m1
CDH2 Cadherin 2 Hs00983056_m1
COL1Al Collagen type I alpha 1 chain Hs00164004_m1
COL3A1 Collagen type III alpha 1 chain Hs00943809_m1
COL4A1 Collagen type IV alpha 1 chain Hs00266237_m1
MMP2 Matrix metallopeptidase 2 Hs01548727_m1
MMP3 Matrix metallopeptidase 3 Hs00968305_m1
MMP9 Matrix metallopeptidase 9 Hs00957562_m1
TIMP1 Tissue inhibitor of metalloproteinase 1 Hs01092512_g1
Mouse genes

TGEFp Transforming growth factor beta MmO00524541_m1
ACTA2 Actin alpha 2, smooth muscle Mm00725412_s1
VIM Vimentin Mm01333430_m1
CDH1 Cadherin 1 MmO01247357_m1
CDH2 Cadherin 2 MmO01162497_m1
COL1Al Collagen type I alpha 1 chain Mmo00801666_g1
COL3Al Collagen type III alpha 1 chain Mmo00802300_m1
COL4Al Collagen type IV alpha 1 chain Mmo01210125_m1
MMP2 Matrix metallopeptidase 2 Mm00439498_m1
MMP3 Matrix metallopeptidase 3 Mm00440295_m1
MMP9 Matrix metallopeptidase 9 Mm00442991_m1
MMP13 Matrix metallopeptidase 13 Mmo00439491_m1
TIMP1 Tissue inhibitor of metalloproteinase 1 Mmo01341361_m1

and cultured in DMEM supplemented with 10% fetal calf serum
(VWR, Dietikon, Switzerland). THP-1 cells were maintained in an
RPMI medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal calf serum (VWR). To induce differentiation, 40 nM
phorbol 12-myristate-13-acetate (Sigma-Aldrich, St Louis, MO,
USA) was added to 0.5 x 106 cells/mL. In some experiments, THP-
1 cells were treated with 10 pg/mL LPS (Invitrogen, Carlsbad, CA,
USA). Serum-starved cells were subjected to hypoxia (0.2% O,) in
a hypoxia chamber (Invivo 400, Baker Ruskinn, Bridgend, United
Kingdom). Cells maintained in normoxia (21% O,) for the same
time period were used as controls.

RNA Extraction and Real-Time Quantitative PCR

Colonic tissue for RNA analysis was snap frozen in liquid ni-
trogen upon collection. For RNA extraction, Buffer RLT (Qiagen,
Hombrechtikon, Switzerland) was added to the samples, and tis-
sue was then disrupted using the GentleMACS Dissociator (Milt-
enyi Biotec, Gladbach, Germany). Total RNA from human and
mice biopsies and cells was isolated using the RNeasy Plus Kit
(Qiagen) following the manufacturer’s instructions. The High-Ca-
pacity cDNA Reverse Transcription Kit (Applied Biosystems, Fos-
ter City, CA, USA) was used for reverse transcription according to
the manufacturer’s instructions. qPCR was performed using TAQ-
MAN Gene Expression Assays (Applied Biosystems) (Table 2), us-
ing the following PCR programme: 20 s at 95°C, followed by 40

90 Inflamm Intest Dis 2021;6:87-100
DOI: 10.1159/000513061

cycles of 95°C for 3 s and 60°C for 30 s with the TagMan Fast Uni-
versal Mastermix. Relative mRNA expression was determined by
the comparative AACt method using beta-actin (ACTB) as the ref-
erence gene.

Western Blot

Total protein was harvested in M-PER lysis buffer (Thermo
Fisher Scientific) supplemented with protease inhibitors (Roche
Diagnostics, Mannheim, Germany). For each group, a total of 20
mg protein was transferred to a nitrocellulose membrane after
electrophoretic separation. Antibodies against human HIF-1a
(cat. no. NB100-479; Novus Biologicals, Littletown, CO, UK), hu-
man caspase 3 (cat. no. 9661; Cell Signaling Technology, ZA
Leiden, The Netherlands), and beta-actin (cat. no. A5441; Sigma-
Aldrich) were used at 1:1,000 dilution. After washing in Tris-buff-
ered saline, the secondary antibody conjugated to horseradish per-
oxidase was added, and the membrane was incubated at room tem-
perature for 1 h. After washing in Tris-buffered saline, the proteins
were visualized using the ECL Plus detection kit (Amersham, Ve-
lizy-Villacoublay, France).

Statistics

Statistical analysis was performed using 1-way ANOVA fol-
lowed by Tukey’s post-test or Student’s ¢ test. Data are expressed
as mean + SEM, and results were considered significant if p < 0.05.

Simmen et al.



Results

Hypoxia Reduces the Levels of Pro-Fibrotic Markers in

the Colon of Human Subjects

To study the effects of hypoxia on levels of fibrotic
markers, healthy volunteers (HV) and IBD patients
were exposed to hypoxia for 3 h. The participant char-
acteristics are shown in Table 1. In healthy subjects,
transcript quantification of distal colon biopsies re-
vealed no changes in the mRNA levels of TGFp after
3 h of hypoxia (Fig. 1a). Nonetheless, there was a clear
trend towards a decrease of basal ACTA2 (Fig. 1b) and
a significant reduction of vimentin mRNA levels 1 week
after hypoxia (Fig. 1c). Interestingly, the mRNA levels
of the epithelial marker cadherin (CDH) 1 (E-cadherin)
remained unchanged (Fig. 1d), while the mesenchymal
marker CDH2 (N-cadherin) was significantly reduced
following hypoxia (Fig. le). Accordingly, the mRNA
levels of the ECM proteins collagen type I alpha 1 chain
(COL1A1) (Fig. 1f) and collagen type IV alpha 1 chain
(COL4A1l) (Fig. 1g) showed a trend towards a reduc-
tion. Transcript levels of MMP2 (Fig. 1h), MMP9
(Fig. 1i), and TIMP1 (Fig. 1j) were also reduced follow-
ing hypoxia. Immunostaining for TIMP1 of distal colon
sections showed a trend towards reduced protein levels
of TIMP1 1 week after hypoxia in HV and IBD patients
(Fig. 1k). Taken together, our results indicate a hypox-
ia-mediated decrease in fibrotic markers in the human
colonic mucosa.

Low Oxygen Reduces Fibrotic Gene Expression in Mice

To further study the influence of hypoxia in fibrosis,
mice were subjected to normoxia or hypoxia for 18 h. In
previous studies, we have shown a strong accumulation
of HIF-1 in the intestinal mucosa of mice after 18 h [12].
Hypoxia significantly reduced the mRNA levels of TGF(
(Fig. 2a), but not ACTA2 (Fig. 2b), vimentin (Fig. 2c),
CDH1 (Fig. 2d), or CDH2 (Fig. 2e) in the colon. Notably,
the transcription levels of fibril COL1A1 (Fig. 2f) and col-
lagen type III alpha 1 chain COL3A1 (Fig. 2g) and net-
work-forming COL4A1 (Fig. 1g) were significantly re-
duced under hypoxia, suggesting a reduction of ECM
protein deposition under low oxygen conditions. While
the mRNA levels of MMP2 only showed a tendency to-
wards a decrease (Fig. 2i), constitutive levels of MMP9
(Fig. 2j), MMP3 (Fig. 2k), and TIMP1 (Fig. 21) were sig-
nificantly reduced under hypoxia, pointing to a blockage
of tissue remodelling processes in mice under hypoxic
conditions.

Hypoxia Reduces Fibrotic Gene
Expression in the Gut

Hypoxia Reduces Tissue Remodelling Markers in the

Dextran Sulphate Sodium Mouse Model of Colitis

To elucidate the impact of hypoxia on dextran sulphate
sodium (DSS)-mediated expression of tissue remodelling
markers, mice were administered with 2% DSS for 7 days
in drinking water and subjected to normoxia or hypoxia
for 18 h. DSS-treated mice did not show an increase in the
expression levels of TGFp (Fig. 3a), COL1A1 (Fig. 3b), or
MMP9 (Fig. 3¢). In contrast, these mice presented an in-
creased expression of tissue remodelling factors, includ-
ing MMP3 (Fig. 3d), MMP13 (Fig. 3e),and TIMP1 (Fig. 3f)
that was only significant for MMP3. Hypoxia significant-
ly reduced DSS-induced MMP3 (Fig. 3d) transcript levels
and showed a trend towards a decrease in MMP9 (Fig. 3c),
MMP13 (Fig. 3e),and TIMP1 (Fig. 3f) mRNA, supporting
a role for hypoxia in the reduction of tissue remodelling
markers under inflammation. To shed light on the mech-
anisms underlying hypoxia-mediated reduction of these
factors, mice were administered with 2% DSS for 5 days
and co-administered with 8 mg dimethyloxalylglycine
(DMOG) - a hydroxylase inhibitor and HIF inducer - in-
jected intraperitoneally every second day. DMOG signifi-
cantly reduced the expression of MMP13 (Fig. 3k) and
TIMP1 (Fig. 31) and showed a trend towards a reduction
of MMP9 (Fig. 3i) and MMP3 (Fig. 3j) levels, indicating
that the regulatory effects of hypoxia on these genes are
mediated by HIF. Given the lack of induction of TGFf and
COL1A1 in DSS-treated mice, the possible inhibitory ef-
fects of DMOG were not observable.

Hypoxia Reduces the Expression of Pro-Fibrotic

Factors in Primary Human Gut Fibroblasts

Fibroblasts and myofibroblasts are the main effector
cells of fibrosis. Consequently, we aimed to study the im-
pact of hypoxia on primary gut fibroblasts. We have previ-
ously shown that hypoxia triggers the accumulation of
HIF-1 in vitro [12]. As expected, hypoxia triggered the
accumulation of HIF-1 in fibroblasts (Fig. 4a). Cellular
stress, such as oxidative stress, leads to the activation of
the intrinsic apoptosis pathway [23]. To assess the impact
of hypoxia in cell viability, activation of caspase 3, the
main executioner of apoptosis triggered by both the in-
trinsic and the extrinsic pathways [24], was studied. Our
data do not show any differences in the cleavage of caspase
3 between normoxic and hypoxic fibroblasts (Fig. 4a), in-
dicating that apoptosis was not triggered following 24 h
hypoxia in these cells. Although TGFp was not affected by
hypoxia (Fig. 4b), the mRNA levels of the fibrotic markers
ACTA2 (Fig. 4c) and vimentin (Fig. 4d) were significant-
ly reduced, suggesting that hypoxia plays a preventive role

Inflamm Intest Dis 2021;6:87-100 91
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Fig. 1. Hypoxia reduces the levels of fibrotic markers in the colon of
human subjects. HV (n = 10), patients with CD (n = 11), and patients
with UC (n =9) in stable remission were subjected to hypoxia in a hy-
pobaric chamber simulating an altitude of 4,000 m.a.s.I. for 3 h. Distal
colon biopsies were taken the day before entering the hypobaric cham-
ber (T0), immediately after hypoxia (T1), and 1 week after collection
of thefirstbiopsy (T2). Transcript quantification for TGF( (a), ACTA2
(b), vimentin (c), CDH1 (d), CDH2 (e), COL1A1 (f), COL4A1 (g),
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MMP2 (h), MMP9 (i), and TIMP1 (j) was performed in mRNA ex-
tracted from colon biopsies from HV. Immunostaining for TIMP1 (k)
in intestinal specimens from HV and IBD patients was performed, and
the areas of positive staining were quantified and normalized to nuclei
staining. Scale bars, 25 mm. Statistical analysis was performed using
1-way ANOVA followed by Tukey’s post-test. Results represent mean
+SEM; *, p < 0.05. HV, healthy volunteers; CD, Crohn’s disease; UC,
ulcerative colitis; IBD, inflammatory bowel disease.
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Fig. 2. Hypoxia reduces the expression of fibrotic markers in the
colon of mice. Mice (n = 5) were subjected to normoxia (N, 21%
0,) or hypoxia (H, 8% O,). After 18 h, mice were sacrificed and
colon biopsies were collected. Transcript quantification for TGFf
(a), ACTA2 (b), vimentin (c), CDH1 (d), CDH2 (e), COL1A1 (f),

in the differentiation of fibroblasts into myofibroblasts.
Accordingly, hypoxia also significantly reduced the basal
mRNA levels of COL1AL1 (Fig. 4e), COL3A1 (Fig. 4f), and
COL4AL1 (Fig. 4g). Although MMP2 expression remained
unaffected by hypoxia (Fig. 4h), the mRNA levels of
MMP9 (Fig. 4i), and TIMP1 (Fig. 4j) were significantly
downregulated. These data suggest that low oxygen levels
repress fibrosis-associated gene expression in fibroblasts.

Hypoxia Reduces the Expression of Fibrotic and EMT

Markers in Human IECs

Epithelial-derived fibrotic mediators and EMT play a
key role in mucosal wound healing and fibrotic processes.
Therefore we investigated the effects of low oxygen ten-
sion in the human IEC line Caco-2. As observed in fibro-
blasts, hypoxia failed to reduce basal TGF mRNA levels
(Fig. 5a), but significantly reduced ACTA2 (Fig. 5b) and
vimentin (Fig. 5¢). In accordance with the results in hu-

Hypoxia Reduces Fibrotic Gene
Expression in the Gut

COL3Al (g), COL4AL1 (h), MMP2 (i), MMP9 (j), MMP3 (k), and
TIMP1 (I) was performed. Statistical analysis was performed using
Student’s ¢ test. Results represent mean + SEM; *, p < 0.05; **, p <
0.01; ***, p < 0.001; ****, p < 0.0001.

man subjects, CDH1 expression remained unchanged
(Fig. 5d), while the EMT marker CDH2 was significantly
reduced under hypoxia (Fig. 5e), pointing to a repression
of basal EMT in hypoxic IECs. Interestingly, hypoxia re-
duced the transcript levels of network-forming COL4A1
(Fig. 5h), but not of fibril collagens COL1A1 (Fig. 5f) or
COL3A1 (Fig. 5g). Hypoxic IECs also presented signifi-
cantly reduced levels of TIMP1 (Fig. 51), MMP9 (Fig. 5j),
and MMP3 (Fig. 5k), but not MMP2 (Fig. 5i). Taken to-
gether, our results suggest that hypoxia preserves the ep-
ithelial phenotype of IECs and blocks constitutive expres-
sion of factors involved in tissue remodelling.

Hypoxia Reduces Fibrotic Gene Expression in Human

Macrophages

Next, we sought to analyse the impact of hypoxia on the
expression of fibrotic markers in cultured monocytes and
phorbol 12-myristate-13-acetate-differentiated macro-

Inflamm Intest Dis 2021;6:87-100 93
DOI: 10.1159/000513061



2 TGFB
. o
Q@ ]
9] <
< T =
2 T bk, 3
© 05 =+ o
- v O
O T T T T
WT DSS WT DSS
a N H b
MMP3
*
6 ¥
1
o . @
G4 . Q
221 . * s
i s - =
0 T A T
WT DSS WT DSS
d N H e
2 TGFB
o
£ :
SR <
. . o =
2 05 o)
|V
0 T T
g Vehicle DMOG h
s MMP3
-
24 3
@] 3 D4
< &
o0 o
s? % <
=1 s . =
.0 T s
J Vehicle DMOG k

2
1.5

0.5

1.5

0.5

2.5

15

0.5

COL1A1 2 MMP9
o
n ~ 1.5 -
4 3 g s &d
. X
T+ .3 2T E
- 2 b [ ] & %
L ﬁi_ = 05 y T
v -

T T T T O T T T T
WT DSS WT DSS WT DSS WT DSS
N H c N H
MMP13 TIMP1

3 | ]
v o0
@
Lo Q2 X
= NP
3 N . 4
T T T I' O T T T 7
WT DSS WT DSS WT DSS WT DSS
N H N H
COL1AT 2 MMP9
. ' 215 *
<
- + i I
n 2 05 L ]
2 . -
L
T T 0 T T
Vehicle DMOG i Vehicle DMOG
MMP13 4 TIMP1
* *
1 [oa) 1
. ~ 3 .
U]
E <,
[a E
- g‘] .
] = .
T == 0 : .
Vehicle DMOG | Vehicle DMOG

Fig. 3. Hypoxia and DMOG reduce the expression of tissue remod-
elling factors in the colon of DSS-treated mice. Mice were admin-
istered with DSS (n = 5) or DSS-free water (n = 5) and subjected to
normoxia (N, 21% O,) or hypoxia (H, 8% O,). After 18 h, mice
were killed and colon biopsies were collected. Transcript quantifi-
cation for TGFp (a), COL1A1 (b), MMP9 (c), MMP3 (d), MMP13
(e), and TIMP1 (f) was performed. Statistical analysis was per-
formed using 1-way ANOVA followed by Tukey’s post-test. Re-
sults represent mean + SEM; *, p < 0.05. Mice were administered

phages. Notably, hypoxia significantly reduced the mRNA
levels of TGF( in monocytes (Fig. 6a), but not in macro-
phages (Fig. 6g). ACTA2 mRNA was significantly reduced
in both hypoxic monocytes (Fig. 6b) and macrophages
(Fig. 6h), while vimentin remained unchanged (Fig. 6c, i).
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with 2% DSS for 5 days and co-administered with 8 mg DMOG
(n = 5) or vehicle (n = 5) injected intraperitoneally every second
day. After a recovery period, mice were killed at day 9, distal colon
biopsies were collected, and transcript quantification for TGFp
(g9), COL1A1 (h), MMP9 (i), MMP3 (j), MMP13 (k), and TIMP1
(I) was performed. Statistical analysis was performed using Stu-
dent’s t test. Results represent mean + SEM; *, p < 0.05. DMOG,
dimethyloxalylglycine; DSS, dextran sulphate sodium.

Of note, hypoxia significantly increased COL1A1 mRNA in
monocytes (Fig. 6d), while hypoxic macrophages showed a
significant reduction in COL1A1 mRNA levels (Fig. 6j).
MMP?9 expression remained unchanged in hypoxia-treated
monocytes (Fig. 6e) and macrophages (Fig. 6f). Finally,
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Fig. 4. Hypoxia reduces fibrotic gene expression in primary human
gut fibroblasts. Primary human gut fibroblasts were subjected to
normoxia (N, 21% O,) or hypoxia (H, 0.2% O,) for 24 h. Total
protein was isolated and Western blotting for HIF-1a and caspase
3 was performed. Transcript quantification for TGFp (b), ACTA2

TIMP1 was significantly reduced in monocytes (Fig. 6f),
but not macrophages (Fig. 61). In monocytes, LPS failed to
induce TGFp (Fig. 6m) or ACTA2 (Fig. 6n) mRNA expres-
sion, and hypoxia did not reduce the transcript levels of
these fibrotic factors in the presence of LPS (Fig. 6m, n).
Interestingly, hypoxia significantly reduced LPS-induced
expression of VIM (Fig. 60), but not TIMP1 (Fig. 6p), where
only a trend towards a decrease could be observed. These
results suggest that hypoxia can downregulate the expres-
sion of fibrotic markers induced by inflammatory media-
tors in monocytes.

Discussion

Our study shows that hypoxia reduces the expression
of mucosal markers of fibrosis-associated processes in
vivo and in key cell types involved in intestinal inflamma-
tion and fibrosis. We have previously shown that hypox-
ia plays a protective role in colitis through the reduction
of pro-inflammatory signalling and gene expression [12].

Hypoxia Reduces Fibrotic Gene
Expression in the Gut

(c), vimentin (d), COL1A1 (e), COL3A1 (f), and COL4A1 (g),
MMP2 (h), MMP9 (i), and TIMP1 (j) was performed. Statistical
analysis was performed using Student’s ¢ test. Results are represen-
tative of mean + SEM of 2 independent experiments performed
with 3 replicates; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Overall, our data suggest that the anti-inflammatory ef-
fects of hypoxia span the regulation of IBD-associated fi-
brotic responses.

Transcript analysis of human colonic samples showed
that hypoxia-associated pathways blocked the mRNA
levels of fibroblast-like markers, including ACTA2, vi-
mentin, and CDH2. Consistently, the mRNA levels of
these factors were also significantly reduced in hypoxic
Caco-2 cells. Moreover, the expression of the epithelial
marker CDHI remained unchanged in these cells, sug-
gesting a blockage of EMT-associated processes in the in-
testinal epithelium. Additionally, hypoxia significantly
downregulated vimentin and ACTA2 in human gut fi-
broblasts, demonstrating that tissue hypoxia plays a pre-
ventive role in the transdifferentiation of fibroblasts into
myofibroblasts. These results are in contrast to several
studies showing that hypoxic tumour microenvironment
increases the metastatic potential of cancer cells via EMT
[25]. Nonetheless, it should be noted that most studies on
the role of hypoxia and HIF in EMT have been performed
in the context of tumour hypoxia, and additional tumour
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Fig. 5. Hypoxia reduces the expression of fibrotic factors in Caco-
2 cells. Caco-2 cells were subjected to normoxia (N, 21% O,) or
hypoxia (H, 0.2% O,) for 24 h. Transcript quantification for TGFp
(a), ACTA2 (b), vimentin (c), CDH1 (d), CDH2 (e), COL1A1 (f),
COL3A1 (g), COL4A1 (h), MMP2 (i), MMP9 (j), MMP3 (k) and

signals might contribute to the induction of EMT and
cancer progression in these studies. In a study using hy-
poxic pulmonary endothelial cells, Liu et al. [26] showed
a transient inhibition of vimentin expression, as well as a
redistribution of vimentin filament networks, that could
influence endothelial barrier stabilization. Overall, it is
apparent that context and concurrent signals modulate
adaptive fibrotic responses to hypoxia in the intestinal
mucosa. This is further supported by the fact that none of
the mesenchymal markers tested (i.e., ACTA2, vimentin,
and CDH2) were affected by hypoxia in mice. Intrigu-
ingly, hypoxia failed to reduce basal levels of TGF mRNA
expression in fibroblasts, IECs, and macrophages. Our re-
sults suggest that hypoxia anti-fibrotic effects involve the
selective reduction of the expression of TGFp down-
stream target factors, but not TGF, whose immunomod-
ulatory properties are crucial for the maintenance of mu-
cosal homeostasis. It should also be noted that members
of the TGFp family have been proposed to have redun-
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TIMP1 (I). Statistical analysis was performed using Student’s ¢ test.
Results are representative of mean + SEM of 2 independent ex-
periments performed with 6 replicates; *p < 0.05; **p < 0.01;
*HEp < 0.001; ****p < 0.0001.

dant roles in the modulation of biological processes [27].
Interestingly, the potent anti-scarring cytokine TGFf3
has been shown to be induced by HIF-1a in mouse em-
bryonic fibroblasts [28].

In our hands, colonic biopsies of human subjects
showed a tendency towards a reduction in the mRNA lev-
els of the collagen chains COL1A1 and COL4A1 under
hypoxia. In addition, mice subjected to hypoxia present-
ed significantly reduced levels of colonic COL1Al,
COL3A1, and COL4Al, confirming a reduction in the
production of ECM proteins in vivo under low oxygen
conditions. Importantly, and in line with these results,
hypoxia significantly reduced basal expression of
COL1A1, COL3A1, and COL4A1 in human fibroblasts,
the main cells responsible for collagen production. The
impact of hypoxia on the production of different collagen
types is controversial, and promoting and inhibitory ef-
fects have been reported. Thus, hypoxia induces the ex-
pression of collagen I in dermal and pulmonary fibro-
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Fig. 6. Hypoxia reduces the expression of fibrotic markers in
monocytes. THP-1 monocytes and PMA-differentiated THP-1
macrophages were subjected to normoxia (N, 21% O,) or hypoxia
(H, 0.2% O,) for 24 h. Transcript quantification for TGFp (a, g),
ACTA2 (b, h), vimentin (¢, i), COL1A1 (d, j), MMP9 (e, k), and
TIMP1 (f, 1) was performed. THP-1 monocytes were subjected to
normoxia or hypoxia for 24 h in the absence or presence of 10 ug/

blasts [29], as well as hydroxylases essential for collagen 1
fibre formation [30]. Conversely, the expression of
COL2A1 and COL5A2 is reduced after 7 days of hypoxia
in chondrocites [31]. Duval et al. [32] showed that HIF-1a
overexpression reduced the expression levels of COL1A1,

Hypoxia Reduces Fibrotic Gene
Expression in the Gut

mL LPS, and transcript quantification for TGFp (m), ACTA2 (n),
vimentin (o), and TIMP1 (p) was performed. Statistical analysis
was performed using Student’s ¢ test. Results are representative of
mean + SEM of 2 independent experiments performed at least with
3 triplicates; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
PMA, phorbol 12-myristate-13-acetate.

COL1A2, and COL3A, thereby preventing the redifferen-
tiation of human chondrocytes. These authors concluded
that hypoxia inhibits fibroblast-like phenotype markers.
In a study using human peritoneal mesothelial cells, 6 h
of hypoxia increased the expression of collagen III, while
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collagen I was mildly decreased [33]. These controversial
findings could be ascribed to the cell type used and the
time point studied, as lower exposition times to hypoxia
seem to reduce collagen expression over longer times. In
a study assessing collagen I fibre density in invasive solid
breast and prostate tumour models, Kakkad et al. [34] de-
tected fewer and structurally altered collagen I fibres in
hypoxic tumour areas when compared with normoxic tu-
mour regions. These authors attributed the more porous
collagen I fibre matrix present in hypoxic regions to the
proteolytic degradation of collagen I and reduced colla-
gen I production. Interestingly, hypoxia selectively re-
duced the expression of network-forming COL4A1, but
not collagens COL1A1 and COL3A1 in Caco-2 cells. It is
noteworthy that collagen IV, the main constituent of the
basal lamina, has been shown to contribute to Caco-2
spreading and migration [35].

Hypoxia reduced the mRNA expression of the metallo-
proteinase inhibitor TIMP1 in the colon of healthy indi-
viduals. Moreover, TIMP1 also showed a trend towards re-
duced protein levels in healthy subjects as well as IBD pa-
tients 1 week after hypoxia. Accordingly, hypoxia reduced
the expression of TIMP1 in the colon of healthy and DSS-
treated mice. Unlike other fibrotic and tissue remodelling
factors, TIMP1 was consistently downregulated in primary
gut fibroblasts, IECs, and monocytes, suggesting that
TIMP1 is a primary target of hypoxia [36]. In this regard,
hypoxia has been shown to decrease TIMP1 mRNA and
protein expression in synovial fibroblasts from patients
with rheumatoid arthritis [37]. In rats, maternal hypoxia
decreased TIMP1 and TIMP2 expression in neuronal cells
in the pups [38]. Previous reports have evidenced the accu-
mulation of HIF-1 in mice administered with the hydroxy-
lase inhibitor and the HIF-1 inducer DMOG [12, 21]. In-
terestingly, and most important to understand the mecha-
nism underlying the expression of TIMP1 under hypoxia,
DSS-treated mice administered with DMOG showed a de-
crease in the colonic mRNA expression of TIMP1, as well
as MMP9, MMP3, and MMP13, pointing to the important
role of HIF in the regulation of these genes under hypoxic
conditions. Hypoxia significantly reduced the expression of
MMP3 and MMP9, but not MMP2 in the colon of healthy
mice, indicating selective effects on the expression of ECM-
degrading enzymes. A similar expression profile was ob-
served in cultured IECs and primary gut fibroblasts, but not
macrophages, suggesting that IECs and fibroblasts are the
main contributors to the effects observed in vivo. Apart
from its ability to degrade ECM proteins, MMP3 can also
activate other MMPs such as MMP1, MMP7, MMP9, and
MMP13 [39, 40]. Therefore, reduction of MMP3 expres-
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sion under hypoxia would further hinder MMP9-associat-
ed enzymatic activities. The differential effects on the ex-
pression of the 2 gelatinases MMP2 and MMP9 might re-
flect the opposing roles of these MMPs on maintenance of
intestinal barrier function, with MMP9 being destructive
and MMP2 protective [41]. It is also worth noting that
MMP3 and MMP9 are mainly regulated at transcriptional
and translational levels, whereas MMP2 activity is primar-
ily controlled by proteolytic cleavage of the proenzyme by
TIMPs [42], which suggest that alternative mechanisms
could be in place to regulate MMP2 activity. The substrates
of MMP3 and MMP?9 also include cytokines, such as IL-1f3
[43] and TGFp [44]. As a consequence, hypoxia-associated
reduction in MMP3 and MMP9 expression may play a role
in the downregulation of inflammatory responses observed
in previous studies.

The effects of hypoxia on IBD are controversial, with
studies showing detrimental and protective effects. Thus,
recent studies indicate that high-altitude journeys and
flights-associated hypoxia heighten the risk of flares in
IBD patients [45, 46], and high-altitude hikes increase the
expression of inflammatory cytokines in the small intes-
tine in healthy subjects [47]. On the other hand, there is
mounting evidence that hypoxia ameliorates inflamma-
tion in several models of IBD and IBD patients [11, 12,
48, 49], mainly through the enhancement of intestinal
barrier function [50]. In transgenic mice, lack of HIF-1a
expression in the epithelium led to a more severe colitis,
while constitutively active HIF-1 was protective [6, 51,
52]. Our data on the impact of hypoxia on the expression
of fibrotic factors under inflammatory conditions are
limited, and we could only show the effect on tissue re-
modelling markers, that is, TIMP1 and several MMPs.
Moreover, post-transcriptional and post-translational
modifications play a crucial role in the activity of a num-
ber of factors involved in fibrosis, such as TGF, MMPs,
and collagens, and assessing the protein expression and
activity of these factors is crucial to clarify the functional
impact of hypoxia on fibrosis. Further research is needed
to elucidate to what extent the observed effects influence
the development of IBD-associated intestinal fibrosis.

In summary, our results suggest that hypoxia pre-
serves the epithelial phenotype of IECs by reducing the
expression of pro-fibrotic markers and blocks constitu-
tive expression of factors involved in tissue remodelling,
ECM deposition, tissue degradation, and cell migration
in the intestinal mucosa. Hypoxia may not only modulate
inflammatory processes in the gut but also reduce inflam-
mation-associated fibrosis through the transcriptional
regulation of fibrosis-associated factors.
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