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ARTICLE

Therapeutic Opportunities for Intestinal Angioectasia- 
Targeting PPARγ and Oxidative Stress

Mayur Sarangdhar1,2,†, Mary B. Yacyshyn3,4,†, Andrew R. Gruenzel3,5, Melinda A. Engevik4,6, Nathaniel L. Harris3,  
Bruce J. Aronow1,2 and Bruce R. Yacyshyn3,4,7,*

Recurrent and acute bleeding from intestinal tract angioectasia (AEC) presents a major challenge for clinical intervention. 
Current treatments are empiric, with frequent poor clinical outcomes. Improvements in understanding the pathophysiol-
ogy of these lesions will help guide treatment. Using data from the US Food and Drug Administration (FDA)’s Adverse Event 
Reporting System (FAERS), we analyzed 12 million patient reports to identify drugs inversely correlated with gastrointestinal 
bleeding and potentially limiting AEC severity. FAERS analysis revealed that drugs used in patients with diabetes and those 
targeting PPARγ-related mechanisms were associated with decreased AEC phenotypes (P < 0.0001). Electronic health re-
cords (EHRs) at University of Cincinnati Hospital were analyzed to validate FAERS analysis. EHR data showed a 5.6% decrease 
in risk of AEC and associated phenotypes in patients on PPARγ agonists. Murine knockout models of AEC phenotypes were 
used to construct a gene-regulatory network of candidate drug targets and pathways, which revealed that wound healing, 
vasculature development and regulation of oxidative stress were impacted in AEC pathophysiology. Human colonic tissue 
was examined for expression differences across key pathway proteins, PPARγ, HIF1α, VEGF, and TGFβ1. In vitro analysis of 
human AEC tissues showed lower expression of PPARγ and TGFβ1 compared with controls (0.55 ± 0.07 and 0.49 ± 0.05). 
National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) RNA-Seq data was analyzed to sub-
stantiate human tissue findings. This integrative discovery approach showing altered expression of key genes involved in 
oxidative stress and injury repair mechanisms presents novel insight into AEC etiology, which will improve targeted mecha-
nistic studies and more optimal medical therapy for AEC.

Angioectasia (AEC) lesions are common vascular abnormal-
ities characterized by ectatic, dilated, and proliferated blood 
vessels, and are a significant source of obscure gastrointes-
tinal (GI) bleeding. These aberrant blood vessels are typically 

<  10  mm in diameter, thin walled with little or no smooth 
muscle, malformed, and uncommunicative,1,2 and symp-
tomatically present with overt and occult GI hemorrhage,1 
melena, hematochezia, and resulting anemia.1,3 The clinical 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  The clinical detection of angioectasia (AEC) has in-
creased using push-enteroscopy, capsule enterogra-
phy, colonoscopy, and esophagogastroduodenoscopy. 
Management is difficult. Currently, endoscopic ablation is 
an option for lesions within endoscopic reach, whereas 
angiogenesis inhibitors and octreotide are pharmacologi-
cal agents additionally used in the treatment of AEC often 
with limited clinical benefit. The precise pathophysiology 
of AEC is unknown; however, AECs are known to result 
from an imbalance between the pro-angiogenic and anti-
angiogenic factors.

WHAT QUESTION DID THIS STUDY ADDRESS?
✔  How do intestinal AEC develop and how can we design 
targeted therapeutic discovery for AEC.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  Insight into the development of intestinal AEC and a 
targeted approach for novel therapeutic strategies.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL
OGY OR TRANSLATIONAL SCIENCE?
✔  The results of this study demonstrate the complexity 
of AEC development and novel therapeutic directions that 
could impact patient care and treatment.

https://doi.org/10.1111/cts.12899
mailto:﻿
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procedure of endoscopy has shown the presence of AEC in 
the upper GI tract,1 small bowel,1,3 descending colon,1,4 and 
linked their existence to upper and lower GI hemorrhage.1,5 
AECs are also significantly correlated with occurrence of 
synchronous lesions6–8 and aging.1,9 The clinical detection 
of AEC has increased using push-enteroscopy, capsule 
enterography, colonoscopy, and esophagogastroduode-
noscopy, and management of these lesions is difficult with 
options for treatment being suboptimal.1,10,11 Currently, en-
doscopic ablation is an option for lesions within endoscopic 
reach, whereas angiogenesis inhibitors, such as thalido-
mide, lenalidomide (thalidomide derivative), and octreotide, 
are pharmacological agents additionally used in the treat-
ment of AEC often with limited clinical benefit.11,12

The precise pathophysiology of AEC is unknown; how-
ever, AECs are known to result from an imbalance between 
the pro-angiogenic and anti-angiogenic factors and ex-
pression of growth factors, including VEGF in AECs, is 
suggestive of angiogenesis playing a role in their develop-
ment.1 Angiogenesis promotes formation of new functional 
microvascular networks in human tissues in response to hy-
poxia or ischemia.1 AEC formation appears to be linked to 
patients with von Willebrand factor in Heyde’s syndrome and 
left ventricular assist device, whereas mutations in several 
genes in the TGFβ pathway are common in patients with he-
reditary hemorrhagic telangiectasia.13 The VEGF-dependent 
proliferation and migration represents an important angio-
genesis-hemostasis relationship that may have therapeutic 
implications in the management of AEC.1,14–16 Understanding 
the role of key mediators in AEC development will be im-
portant in identifying novel therapeutic strategies that will 
overcome this unmet clinical need.

In this report, we describe a novel integrative systems 
biology-based approach and clinical validation study that 
evaluates the pathophysiology of these lesions. We sought 
to identify if reduction in severity or decrease in rate of AEC 
and AEC-correlated events occurred with use of specific 
drugs, hence using the medication’s own mechanism of ac-
tion to ascertain a “first-cut” of the inflammatory processes 
at work in vivo. To understand how therapeutic agents may 
impact AEC-associated disease pathology, we used in sil-
ico drug discovery and gene regulatory networks analysis 
to identify key pathways/proteins involved in the patho-
physiology of AEC and test candidate therapeutics for their 
protective mechanisms.

METHODS
Data mining of large-scale clinical effects and 
hypothesis generation
US Food and Drug Administration’s Adverse Event 
Reporting System data and University of Cincinnati 
Health electronic health records. Adverse events data 
reported to the US Food and Drug Administration (FDA)’s 
Adverse Event Reporting System (FAERS) and normalized 
within AERSMine17 was used to identify differential rates 
of GI hemorrhage (both upper and lower), occult blood, 
melena, hematochezia, and anemia, events typically 
associated with AEC pathology. We analyzed ~ 12 million 
patient reports for the FDA-approved drugs that were 
inversely correlated (relative risk  ≤  2, safety signal  <  0) 

with these AEC phenotypes. Standard pharmacovigilance 
metrics, relative risks, and safety signals,18,19 were used 
to identify drugs correlated with AEC-linked GI events. 
Based on “real-world” clinical experience and literature 
evidence, analysis was limited to adults (25–65  years) 
and elderly patients (> 65 years),20,21 individuals with any 
history of cancer and inflammatory bowel disease (IBD) 
were excluded from all cohorts. To minimize confounder 
GI-complications, patients reporting any nonsteroidal anti-
inflammatory drugs intake were also excluded.

TriNetX, a global federated health research network pro-
viding access to statistics on electronic medical records 
(diagnoses, procedures, medications, laboratory values, and 
genomic information) was used to mine ~ 1.1 million elec-
tronic health records (EHRs) from University of Cincinnati 
(UC) Hospital and validate FAERS findings. As a federated 
network, TriNetX received a waiver from Western institutional 
review boards, because only aggregated counts, statistical 
summaries of de-identified information, but no protected 
health information is received, and no study-specific activi-
ties are performed in retrospective analyses. The differential 
rates of AEC and correlated events were compared between 
patients on one representative PPARγ agonist (rosiglitazone, 
n  =  180) and controls (diabetics not on PPARγ agonist, 
n = 68,870). Propensity score-based matching was used to 
balance the cohorts using age and body mass index (BMI) as 
covariates. Both cohorts were controlled for hypertension. 
AEC events included in the analysis were angiodysplasia 
of the colon (International Classification of Disease 10th 
revision codes: K55.2, K55.20, and K55.21) or arteriove-
nous malformation of digestive system vessel (International 
Classification of Disease 10th revision: Q27.33) occurring 
after the first instance of the respective medication in the 
patients’ records.

Gene-regulatory biological networks. Drug-gene 
interactions for rosiglitazone and SGLT2 inhibitors were 
downloaded from STITCH,22 PPAR signaling pathway 
genes were downloaded from Kyoto Encyclopedia of 
Genes and Genomes pathway database23 and PPARγ 
interactions were downloaded from GATACA.24 Significant 
AEC-linked GI phenotypes, such as GI hemorrhage, occult 
blood (including melena and hematochezia), were used to 
identify GI bleeding-associated mouse knockout models24 
and construct a biological network representation of gene 
functional associations and interactions to identify a set of 
biologically significant pathways that may be key to novel 
therapeutic intervention. The drug-gene interactions and 
phenotype-gene relationships were comparatively enriched 
using the ToppGene suite and ToppCluster.25,26 See Table S3 
for gene lists used for biological network construction.

NCBI GEO. Illumina’s BaseSpace Correlation Engine 
was used to mine NCBI’s GEO and identify differential 
expression across in silico-identified genes.27,28 The 
BaseSpace Correlation Engine, maintained by Illumina, 
San Diego, CA, collates raw experimental data from 
high-throughput gene expression experiments submitted 
to global repositories, such as the GEO29 and Array 
Express.30 The BaseSpace Correlation Engine utilizes 
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proprietary statistical algorithms to convert raw 
experimental data into a list of genes that are differentially 
expressed in certain conditions (drug treatment vs. 
nontreatment or disease state vs. normal state) along with 
their corresponding fold change and P value calculations 
indicating how a given gene is differentially expressed 
in a test condition compared with the control condition 
of an experiment. Rank-based enrichment statistics are 
then used to compute the pairwise correlation scores 
between all gene expression signatures present in the 
database. The most correlated gene expression study 
present for each query was assigned a numerical score of 
100, and scores for the rest of the results were normalized 
to the top-ranked study. We limited our search to GEO 
datasets focusing on the human colon and identified 
biosets that represented differential expression across 
“diseased vs. normal” and “untreated vs. drug treated” 
colon tissues.31–35

In vitro study design
Patient samples and ethics approval. Patients aged 18 
years and over with suspected or known GI bleeds were 
approached for consent before sedation and colonoscopy. 
Samples were collected under an approved UC institutional 
review board protocol. If AECs were seen, biopsies 
were taken from tissue immediately adjacent (referred 
to as involved tissue) as well as 15–20  cm away from 
AEC (referred to as noninvolved tissue). Biopsies from 7 
control patients (no AECs) and 11 patients with AECs were 
collected. Four of the control patients had diabetes (further 
represented as DC) and three patients were nondiabetic 
controls (further represented as NDC). The mean age 
of AEC patients was 52.75  years with ages ranging from 
33–74 years, whereas mean ages for DCs and NDCs were 
58.75 and 58 years, respectively, (DC range 46–80 years, 
NDC range 50–72 years; Table S4). Both groups of patients 
had comorbidities and were on various medications at the 
time of endoscopy (Tables S4–S6). Known patients with 
hereditary hemorrhagic telangiectasia were excluded.

Gene expression in biopsies using relative fold 
differences. Mucosal biopsies were placed in RNAlater 
(Ambion, USA) and kept at −20°C until mRNA isolation. 
The mRNA was isolated using RNeasy Mini Kit (Qiagen, 
USA) and converted to cDNA using high capacity RNA-
to-cDNA Kit (Applied Biosystems, Life Technology, USA). 
Analysis of gene expression was carried out with Sybr 
Green based quantitative real-time polymerase chain 
reaction. The following Quantitect Primers (Qiagen, USA) 
were used: Hs_VEGFA_6_SG, Hs_PPARγ_1_SG, Hs_
HIF1α_1_SG, HS_ TGFB1_1_SG, and Hs_RRN18S_1_SG. 
The 18sRNA was used as the internal reference gene for all 
samples. ΔCT was calculated by subtracting the reference 
raw threshold value (18s) from the gene of interest raw 
threshold value (PPARγ, HIF1α, TGFβ1, or VEGFA). 
Relative fold calculation (ΔΔCT method) was carried out 
using 18S as the reference gene and the NDC tissues’ 
average as comparator for each gene. To compare all four 
groups against each other, 18S was the reference gene 
and VEGFA was the comparator.

Lectin binding and terminal sugar identification. Colon 
biopsies were embedded in optimum cutting temperature 
compound, flash frozen in a dry ice/acetone mixture, and 
stored at −80°C. The 7.0 μm sections were cut, and slides 
were fixed in 100% acetone at −20°C for 15  minutes. 
Slides were washed in phosphate-buffered saline (PBS), 
incubated in 10% fetal bovine serum/PBS for 1 hour at room 
temperature, and then incubated with lectin-fluorescein 
conjugates (Vector Laboratories, Catalog Number FLK-
2100) at a final concentration of 10 μg/mL diluted in PBS-T 
(0.05% Tween20) for 1 hour. Slides were rinsed in PBS and 
then counterstained with dilute DAPI (1 µg DAPI/1 mL PBS) 
for 5  minutes and washed once more before air drying. 
ProLong Gold Anti Fade reagent (Life Technologies) was 
used for mounting and slides were visualized with the Zeiss 
LSM 710 Scanning Confocal Microscope.

The lectin-sugar binding patterns assessed were: 
Concanavalin A - mannose, Dolichos biflorus agglutinin -  
N-Acetylgalactosamine (GlcNac), Peanut Agglutinin - 
Galactose, Ulex Europaeus - Fucose, and Wheat Germ 
agglutinin - GlcNac. Binding was quantified using image J. 
The FITC fluorescence channel was changed to grey scale, 
then 15 areas per tissue were measured, 5 in the muco-
sal area, 5 in the epithelial barrier area, and 5 representing 
black background. The overall fluorescence in the mucosa 
and epithelial barrier was calculated as a ratio (CTCF mu-
cosa/CTCF epithelial barrier).36 We measured two slides for 
each lectin stain from three patients with AEC (both their in-
volved and noninvolved tissues), five healthy controls, and 
three with IBD noninvolved “normal” areas. We used the 
16-color look up table in Image J to visualize the intensity 
and location of the FITC-lectin binding.

Statistical methods used for patient biopsy comparisons. 
Box and whisker plots and P values were generated with the 
Statistix9 software. Nonparametric statistics were carried out 
using the Kruskal–Wallis analysis of variance and Wilcoxon 
rank-sum tests. The Fishers exact test was used to demonstrate 
differences or similarities between categorical demographic 
and concomitant medications.

RESULTS
Novel FDA-approved drugs as in silico 
pathophysiologic probes for AEC
To identify novel drugs as opportunities in AEC manage-
ment, we used AERSMine17 to mine ~  12  million FAERS 
reports from 2004Q1 to 2018Q4 for AEC and associated 
clinical events, such as GI hemorrhage, melena, hema-
tochezia, occult blood, and anemia. Because FAERS is a 
spontaneous reporting system, which may be subjected to 
over reporting in certain cases, we limited our analysis to 
106,212 reports submitted by “Physician,” “Pharmacist,” 
and “Health-care Professional” only. We analyzed 490 
drug-event profiles across 36 therapeutic classes in these 
reports for drugs representing at least 2-fold change in AEC 
and correlated GI events as potential candidates in AEC 
management (Figure 1a). Comparative analysis of thera-
peutic class safety profiles revealed that the “drugs used 
in diabetes” class correlated with reduced rate and risk of 
GI bleeding events with its mean rate lower than other drug 



521

www.cts-journal.com

Oxidative Stress in Angioectasia
Sarangdhar et al.

classes (P < 0.05; Figure S1, Table S1). Several antidiabetic 
drugs showed negative correlation with AEC-associated GI 
events, including rosiglitazone (mean safety signal: −2.3), 
empagliflozin (−0.4), canagliflozin (−1.1), liraglutide (−1.5), 
and exenatide (−1.7), with rosiglitazone showing the most 
significant correlation (P < 0.0001; Figure 1b, Table S2). In 
both adult and elderly patients, rosiglitazone showed the 
“safest” outcome profile for GI hemorrhage (both upper 
and lower, safety signal: −2.39), occult blood (including me-
lena and hematochezia; −3.28), and resultant anemia (−1.2). 
Exenatide and liraglutide showed similar AEC profiles for GI 
hemorrhage (−2.3 vs. −2.6), occult blood (−2.4 vs. −1.79), and 
anemia (−0.3 vs. 0; Figure 1c, Table S2). Although rosigli-
tazone showed the most negatively correlated AEC profile, 
overall profiles for exenatide and liraglutide were nearly 
identical to rosiglitazone (Table S2). Recent studies have 
shown crosstalk between exenatide and liraglutide target 
GLP-1 and PPARγ, the target for rosiglitazone,37,38 which 
may explain this similarity. Although the use of rosiglitazone 

is limited clinically,39 we focused on it as a “straw-man” for 
the study of other current and future candidate drugs as 
pathophysiologic probes and as an option for the potential 
treatment of AEC.

Patient EHR data show decreased rate of AEC and 
associated outcomes with use of rosiglitazone
To validate FAERS analysis, we analyzed UC Hospital EHR 
data of 180 patients on rosiglitazone for AEC-related GI 
events (mean age at start of therapy 61.6 ± 12.2 years, 50% 
men, and 50% women). Patients with diabetes not on ro-
siglitazone were selected as controls (n = 68,870, mean age 
57.9 ± 14.9 years, 49% men, and 51% women). Both cohorts 
were mutually exclusive and patients with history of can-
cer, IBD, Crohn’s disease, or colitis were excluded from the 
analysis. We used one-to-one propensity score matching 
to balance the two cohorts. Both cohorts were controlled 
for age, sex, race, ethnicity, and BMI. After balancing, the 
mean age for the two cohorts was 61.6 ± 12.2 years, BMI 

Figure 1  In silico discovery of potential therapeutic candidates for angioectasia (AEC). (a) Comparative analysis of safety signal profiles 
of all US Food and Drug Administration (FDA)-approved drugs across 106,212 patient reports shows differential gastrointestinal (GI)-
risks across multiple therapeutic classes. The heatmap color:red = adverse risk; blue = safer toxicity profile. (b) Antidiabetic drugs 
showed favorable profiles (safety signal < 0, mean rate lower than other drug classes, P < 0.05) across both age (adults and elderly) and 
sex. Drugs with safety signal scores < 0 are classified as potential candidates. Rosiglitazone showed the safest GI profile (least rate of 
events) among other drugs used in the treatment of diabetes (P < 0.0001). (c) Comparative analysis of rosiglitazone, SGLT2 inhibitors 
and GLP-1 agonists as candidates for AEC management. Number of patients in each group: rosiglitazone (37,534), canagliflozin 
(10,363), exenatide (12,410), liraglutide (12,434), and empagliflozin (5,585). AE, adverse event; ANOVA, analysis of variance.
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was 34.3 ± 8.68 in the rosiglitazone cohort and 35.1 ± 8.74 
in the control group, and both cohorts had 180 patients. 
The rates of AEC and related events in the rosiglitazone 
cohort was 0% (no event) compared with 5.556% (n = 10) 
in the control cohorts (Figure 2a), representing a 5.556% 
reduction in the risk for AEC or related outcome in the ro-
siglitazone cohort (95% confidence interval (CI) −8.902 to 
−2.209, P = 0.0013; Figure 2b).

Representative biological network with gene 
functional associations and interactions
To identify potential underlying mechanisms through which 
AEC-associated bleeding may be mitigated, we used pub-
licly available mouse model data to construct a biological 
network of drug-gene-pathway interactions. Because ro-
siglitazone presented the “safest” GI profile within the 
antidiabetic class, we sought to identify a potential PPARγ-
mediated mechanism that may impact AEC-associated 
bleeding. AEC and associated GI events (GI hemorrhage, 
melena, hematochezia, occult blood, and anemia) were 
used to identify mouse genes whose knockout conferred 
phenotypes like AEC, and comparatively enriched them 
along with genes expressed in the PPAR signaling path-
way for other mouse phenotypes, gene ontology, and 
pathways.24–26 The resulting biological network represen-
tation40 showed rosiglitazone target PPARγ significantly 
enriched for sets of genes vital in wound healing-associ-
ated mechanisms, TGFβ signaling pathway, regulation of 
epithelial cell differentiation and proliferation, regulation of 
vasoconstriction, angiogenesis, regulation of reactive oxy-
gen species, and response to hypoxia and oxidative stress 
(Figure 3). Functional enrichment analysis showed that 
hypoxia-inducible factor 1α (HIF-1α), SERPINE1, and TNF 
were deeply associated with fibrinolysis, VEGF, fluid regu-
lation, and injury response pathways implicating numerous 
biological processes associated with oxidative stress and 
wound healing in the management of AEC (Figure 3).

In vitro analysis of AEC biopsies
Targeted gene expression levels using nondiabetic 
controls as comparator. To validate the in silico 
pathway analysis, we examined gene expression levels of 
rosiglitazone target receptor (PPARγ), a marker of hypoxia 
(HIF-1α), and growth factors (TGFβ and VEGFA) in AEC 
and control tissue samples. We compared the relative fold 
expression (rfe) of these genes in four types of colonic 
biopsies: involved (at AEC site) and noninvolved tissue 
(15 cm away from AEC) from patients with AEC and non-
AEC colonic tissues from DCs and NDCs.

Using NDCs as comparator, we observed that PPARγ ex-
pression in the involved AEC tissues was lower (0.55 ± 0.07) 
whereas the PPARγ levels in the noninvolved AEC tissues were 
equivalent to NDC (1.00 ± 0.11; Figure 4a, Figure S2A). DC 
tissues showed threefold greater PPARγ expression compared 
with NDCs (3.43 ± 0.77). Both AEC tissues showed statistically 
lower PPARγ expression compared with DCs (involved AEC 
P = 0.0007, noninvolved AEC P = 0.009; Figure S2A).

HIF1α levels varied significantly between the tissues, 
signifying differential oxidative stress across AEC and non-
AEC samples (Figure 4a). Both HIF-1α and VEGFA were 

differentially expressed in the involved (P = 0.0019) and non-
involved (P = 0.0149) AEC tissues (Figure 4a, Figure S2A). 
Relative to NDC, the noninvolved AEC tissues showed higher 
HIF-1α levels (rfe of 1.48 ± 0.35), whereas VEGFA gene ex-
pression was lower (rfe of 0.40 ± 0.07). The levels of HIF-1α 
and VEGFA in the involved AEC tissue were 0.46  ±  0.04 
and 0.78 ± 0.13, respectively. DC tissues showed increased 
HIF-1α (rfe 3.21 ± 0.90) compared with AEC tissues, particu-
larly the involved AEC tissues (P = 0.0022; Figure 4a, Figure 
S2A).

VEGFA was the least expressed gene in all tissues but 
its expression in involved AEC (0.78 ± 0.13) was compa-
rable to DCs (0.80 ± 0.22; Figure 4a). The ratio of HIF-1α/
VEGFA was 56.18 ± 22.40, 54.87 ± 17.39, 8.02 ± 1.89, and 
9.86 ± 0.48 for DC, noninvolved AEC, involved AEC, and NDC 
tissues, respectively, representing a local HIF-1α–VEGFA 
imbalance characteristic of AEC presentation (Figure 4b, 
Figure S2b). TGFβ1 expression in both involved and non-
involved AEC tissues was lower compared with NDC (rfe 
0.49 ± 0.05 and 0.60 ± 0.11, respectively; Figure 4a, Figure 
S2A). TGFβ1 expression in DC tissue was comparable to 
NDC (rfe 1.31 ± 0.14). The lower expression of TGFβ1 in 
AEC tissues suggests that wound healing and repair may 
be impacted in nonhereditary AEC pathology. Collectively, 
the differential expression of these genes in the AEC and 
non-AEC human colonic biopsies present a rationale for a 
dysregulated relationship between oxidative stress (HIF1α 
and VEGFA), glycolytic/lipid/energy metabolism (PPARγ 
and wound healing (TGFβ1), and factors restoring the local 
balance will be key in the management of AEC.

Terminal glycosylation patterns as a marker of mucosal 
health or stress. Representative lectin/terminal sugar 
staining patterns showed noticeable absence of terminal 
epithelial fucose expression in both the involved and 
noninvolved AEC tissues (Figure 5, Figures S3 and S4). 
UAE1/L-fucose staining was found in the vasculature of 
the involved and noninvolved AEC tissues. However, UEA 
1 binds epithelial barrier cells in healthy intestine (Figure 
5a, Figure S3) and in noninvolved IBD tissue (Figure S4), 
suggesting that terminal fucosylation in both AEC tissues 
is dysregulated and the luminal environment (microbiome), 
cell movement, and tissue healing are affected. Visually, 
terminal DBA/GalNAc was most intense in the epithelial 
cells in the healthy controls, but least intense in the involved 
tissue (Figure 5A). The WGA/GlcNAc and Concanavalin 
A/mannose staining patterns also differed between AEC 
tissue and controls (Figures 5a,b, Figure S3).

Fucose staining was increased in the mucosa of AEC tis-
sues compared with healthy tissues (P = 0.0095; Figure 5a,b) 
and the median ratios were > 1 (Figure 5b). There was more 
GlcNAc mucosal staining in the AEC tissues as compared 
with controls, whereas GalNAc staining was only signifi-
cantly different (P  =  0.0095) in the involved tissue. There 
were no significant differences in mannose staining patterns.

NCBI GEO data analysis of colonic mucosa and 
intestinal epithelial cells
In silico identified genes PPARγ, TGFB, VEGFA, HIF-1α, gly-
cotransferases FUTs, GALNT1 (GalNAc), and OGT (GlcNAc), 
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Figure 2  University of Cincinnati Hospital electronic health record (her) data analysis. (a) EHR data analysis shows a differential risk 
of angioectasia (AEC) and related events as outcome in patients on PPARγ agonist compared with controls. Patients in the PPARγ 
agonist cohort showed a risk difference of −5.556% for AEC (−8.902%, −2.209%, P = 0.0013). (b) A relative rate comparison of the two 
cohorts for their risk of AEC, 0 vs. 5.556%, for PPARγ agonist and controls, respectively. CI, confidence interval.

Figure 3  Biological network representation of angioectasia (AEC) pathophysiology. A high dimensional biological network modeling 
from 18 different mouse knockout models associated with gastrointestinal) bleeding, VEGF signaling defects, and loss of von 
Willebrand factor, revealed a set of linked pathways associated with increased oxidative stress and increased signaling of VEGF, 
FGF2, and TGF-β. These significant pathways potentially exaggerate injury responses, fluid dysregulation, and impair wound healing 
through abnormal blood coagulation, altered fibrin clot formation, and angiogenesis. The downstream effects of PPARγ activation on 
VEGF, FGF2, and TGF-β has a potent role in wound repair mechanisms.

AEC genes
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and SMADs showed differential expression across disease 
vs. normal tissue (Figure 6). Increased HIF-1α correlated 
with decreased PPARγ and increased TGFB1 expression, in 
patients with ulcerative colitis or Crohn’s disease compared 
with healthy patients (Figure 6, columns 7–10). PPARγ, 
NFE2L2 (master regulator of oxidative stress, NRF2), 
VEGFA, TGFB1, and SMAD4 showed correlated expres-
sion patterns in response to hypoxia. Hypoxia-correlated 
expression patterns were seen in FUTs, OGT, and GALNT1. 
The gene expression pattern most closely related to that 
seen in AEC tissue was the inactive UC specimen compared 
with healthy controls (column 11, Figure 4) and suggests a 
unique AEC characteristic of increased hypoxia, decreased 
PPARγ, decreased VEGFA, and glycosylation pattern.

DISCUSSION

Intestinal AECs are the most common vascular abnormal-
ity of the GI tract and the second most common cause 
of GI bleeding.1 However, a lack of noninvasive treatment 
options in the current standards of AEC management re-
flects our lack of understanding of the pathophysiology 

of these lesions. To evaluate a potential role of the ame-
liorating effects of FDA-approved drugs on the clinical 
symptom of bleeding by AEC, we performed a large-
scale mining of the FAERS and UC Hospital EHR data. 
Our analysis focused on the FDA-approved therapeutics 
for their decreased risk of intestinal bleeding events and 
identified antidiabetic drugs—PPARγ agonist (rosigli-
tazone) and glucagon-like peptide 1 receptor (GLP-1) 
agonists, as potential therapeutic probes in AEC man-
agement (Figures 1b,c, Table S2). Recent studies have 
shown that GLP-1 has the potential to induce PPARγ ac-
tivity, partially explaining the anti-inflammatory effects of 
GLP-1 on endothelial cells.37,38 SGLT-2 inhibitors, another 
class of antidiabetics, also showed decreased risk of in-
testinal bleeding (Tables S1 and S2). Our in silico analysis 
implicated PPARγ pathway as central to AEC etiology and 
management, which was supported by the in vitro human 
intestinal tissue analysis. EHR analysis showed patients 
on PPARG agonist therapy had a 5.5% reduction in risk 
of AEC or associated phenotypes (Figure 2) paralleling 
our FAERS observations. Although rosiglitazone and pi-
oglitazone both target PPARγ, we did not see a significant 

Figure 4  In vitro Gene Expression Using Human Colonic Biopsies. Quantification of differential gene expression using 18s rRNA 
gene as the internal reference. (a) Comparison of angioectatic tissues (AEC) and diabetic controls (DCs) to nondiabetic control (NDC) 
tissue using quantitative real-time polymerase chain reaction (qRT-PCR). The ∆∆CT method for relative fold expression was used to 
compare increase or decrease of gene expression. Relative fold expression (rfe) of HIF1α, PPARγ, VEGFA, and TGFβ1 using the NDC 
tissue as the comparator. *0.01 < P < 0.05, **0.005 < P < 0.01, ***0.001 < P < 0.005, ****0.0005 < P < 0.001. (b) Comparison of all four 
tissue types (involved and noninvolved AEC, DC, and NDC. Relative fold expression (rfe) of HIF1α, PPARβ, and TGFβ1 using VEGFA as 
the comparator. VEGFA was the gene least expressed in all tissue samples. *0.01 < P < 0.05, **0.005 < P < 0.01, ***0.001 < P < 0.005.
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Figure 5  Lectin immunohistochemistry of angioectasia (AEC) and control tissues. (a) Tissues were stained with FITC labeled lectin to 
determine glycosylation patterns. This picture shows representative FITC-lectin binding patterns from AEC involved, AEC noninvolved, 
and healthy control biopsied colonic tissues. To better visualize the differential intensity of staining patterns, the images were analyzed 
and presented using the 16 color look up table (LUT) in image J. The scale shows most intense stain is white, while no intensity is 
black. (b) To better quantify the fluorescent intensity of the lectin staining we used the corrected total cellular fluorescence (CFTE) 
method and image J. The ratio of the mucosal fluorescence intensity/ epithelial barrier fluorescence intensity is presented as box and 
whiskers. A ratio > 1 is representative of more mucosal staining. If the ratio was < 1, then greater intensity was in the epithelial barrier. 
DBA, Dolichos biflorus agglutinin; WGA, Wheat Germ agglutinin.

Healthy
Fucose /UAE1

R
at

io
 o

f C
T

C
F

 M
uc

os
a

/C
T

C
F

 E
pi

th
el

iu
m

p=.0095

p=.0095

N- acetylgalactosamine
(GalNac/ DBA)

0.00

0.06

0.04

0.02

p=.0095

Involved
AEC

Non-
involved

AEC

Healthy 
Control

N-acetylglucosamine
(GlcNac/ WGA)

p=.0095

p=.0571

p=.0667

0

30

25

20

15

10

5

0.00

0.90

0.70

0.50

0.30

Mannose/Con A 

Involved
AEC

Non-
involved

AEC

Healthy 
Control

Involved
AEC

Non-
involved

AEC

Healthy 
Control

Involved
AEC

Non-
involved

AEC

Healthy 
Control

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Immunohistochemistry – Lectin binding 

Quantitative representation of Lectin Binding 

Fucose/UAE1 GalNac/DBA GlcNac /WGA Mannose/ CON A

Healthy 
Control 

Involved
Angioectasia

Non-Involved
Angioectasia

intensenegative

(a)

(b)



526

Clinical and Translational Science

Oxidative Stress in Angioectasia
Sarangdhar et al.

negative correlation for AEC with pioglitazone (Figure 1c, 
Table S2). This may be due to pioglitazone acting like 
a partial PPARα agonist in vitro, whereas rosiglitazone 
seems to be a pure PPAR-gamma agonist.41 Clearly, a 
targeted therapy for AEC is needed, one that integrates 
mechanism of action of drugs with the clinical impact of 
these medications on AEC bleeding.42,43

Our in vitro findings are consistent with earlier stud-
ies that have shown increased VEGF and basic fibroblast 
growth factor expression in human colonic AEC along with 
increased VEGF in circulating plasma.44,45 In this study, we 
observed increased VEGFA expression in the involved (AEC) 
tissue, whereas expression of HIF1α was increased in non-
involved tissue (tissue surrounding the AEC). Wound healing 
mechanisms appear to be impaired in the AEC pathophys-
iology as demonstrated by decreased TGFβ1 expression 
both around the site of the AEC and the noninvolved AEC 
tissues (Figure S2a,b). The juxtaposition of differential an-
giogenic states suggests that other regional factors in the 
host biosystem, including Heyde’s syndrome, the local mi-
crobiome, and surrounding metabolic environment, may 
be involved in AEC pathophysiology.13,46–48 This complex 
interplay of genes, biological processes, phenotypes, and 
pathways is summarized through our theory of the involved 
gene-regulatory network (Figure 3).

Our preliminary work is consistent with the involvement 
of hypoxia and TGFβ, known to regulate VEGF-mediated 

angiogenesis promoting neovascularization and prolifera-
tion. Loss of HIF-1α has been found to impair this process.49 
TGFβ secretion and signaling pathways play an important 
role in differentiation and maturation of vasculature, wound 
healing, and regulation of the extracellular matrix.50,51 Both 
HIF-1α and TGFβ pathways can stimulate the expression 
of VEGF via the activation of Smad3 and MAPKs.44,45,49 
Decreased TGFβ expression, as demonstrated by the AEC 
tissues, supports an environment of abnormal vascular 
maturation, alterations in extracellular matrix (ECM), and 
inflammatory processes, whereas fibrosis is caused by over-
expression of TGFβ.50,52 Both genetic and nongenetic AECs 
are impacted by decreased TGFβ.

AEC biopsies showed aberrant glycosylation patterns 
compared with normal tissue. Hypoxic conditions, as well as 
changes in the expression of TGFβ, can affect and regulate 
glycosidases functionally altering metabolism, energy, apop-
tosis, and wound healing.53 The involved tissues showed 
increased terminal GlcNAC (OGT) in the epithelial barrier com-
pared with the noninvolved tissue, whereas both appeared to 
have increased staining in the ECM. Healthy tissues showed 
much less GlcNAC in ECM and luminal barrier (Figure 5a and 
Figure S3). This AEC glycosylation pattern is distinctive from 
inactive IBD tissue, where there is somewhat increased ter-
minal GlcNAC staining in the epithelial barrier, but like healthy 
tissue almost none in the ECM (Figure S4). Inactive UC pa-
tient biopsies also had increased OGT compared with healthy 

Figure 6  National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) data analysis. A large-scale 
comparative analysis of in silico identified genes PPARγ, TGFB, VEGFA, HIF-1α, glycosyltransferases (FUTs), glycosylation enzyme 
coding genes GALNT1 (GlcNAc) and OGT (GalNAc), including SMADs showed differential expression across disease vs. normal tissue 
in publicly available datasets. Datasets 6 and 11 show the differences between inactive and active ulcerative colitis, and healthy 
tissues. GEO Datasets: GSE9686, GSE 34175, GSE10191, GSE11223, and GSE38713.
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controls and active disease (column 6, Figure 6). Increased 
O-GlcNAcylation may occur in AEC as a “short term” protec-
tive survival mechanism, becoming harmful with chronicity.54 
AEC biopsies showed increased vasculature fucose, but 
expression was absent on the epithelial barrier, likely due to 
different FUTs predominant in AEC tissues. For instance, FUT 
4 and 11 were significantly increased (more than twofold) in 
inactive UC tissue compared with healthy, whereas all other 
FUTS were decreased (column 11, Figure 6). Active inflam-
mation when compared with healthy or inactive inflammation 
shows increased FUT activity across the board (columns 
6–10, Figure 6). AEC colon tissue did not demonstrate fibrosis 
or increased vascular smooth muscle cells indicative of TGFβ 
overexpression; decreased expression of TGFβ appeared to 
allow unstable vascular formation and aberrant ECM.

The lack of PPARγ expression in AEC tissues is worth not-
ing. The involved tissues showed the lowest rfe 0.55 ± 0.07 
for PPARγ, whereas both DC and noninvolved tissues had 
greater rfe (3.43 ± 0.77 and 1.0 ± 0.11, respectively). Changes 
in butyrate producing bacteria by Enterobacteriaceae have 
been shown to impact PPARγ signaling and may increase 
iNos.55 Furthermore, PPARγ signaling shifts the metabolism 
of colonic epithelial cells55 and contributions from both local 
host and luminal microbiome most likely impact the forma-
tion of intestinal AEC. Although we did not examine local 
microbiota, this will be important in future studies. Activation 
of PPARγ is known to induce antiproliferating effects, includ-
ing cell cycle arrest and apoptosis, while regulating energy 
homeostasis, oxidative stress response, cell signaling, in-
flammation, and wound healing.56,57 Therapies targeting 
PPARγ could alter energy homeostasis and in turn regulate 
local oxidative stress and may represent a therapeutic op-
portunity in AEC management. Of note, none of the current 
medical treatment strategies, lenalidomide or octreotide, 
target the PPARγ pathway.

Our study has certain limitations, some of which are 
inherent to our work at this stage being limited to in sil-
ico analyses and pilot studies based on direct hypothesis 
testing of control and local AEC involved colonic tissues. 
FAERS data has limitations, because it is a spontaneous 
reporting system, there is possibility for potential reporting 
biases and confounding, which may impact true correla-
tions and limit hypothesis generation. Second, FAERS data 
lacks drug dosing information, so we are unable to analyze 
dose-related changes in outcomes. Patient comorbidities 
also have the potential to drive differential outcomes. For 
gene expression analysis, we only chose representative 
biomarkers for each pathway, PPAR signaling pathway 
(PPARγ), wound healing (TGFβ), vasculature (VEGF), and 
oxidative stress (HIF-1α), as identified through the in sil-
ico network analysis, is preliminary and has limitations. 
Clearly, a direct functional approach with in vivo validation 
is required to validate the conclusions and insights iden-
tified by this current study. Clinically, obscure intestinal 
bleeding management by current endoscopic and thera-
peutic modalities can provide some symptomatic bleeding 
relief, but do not address the primary AEC etiology.

We have demonstrated through an integrative analysis 
that combining phenotypes, genes, pathways, biological 
processes, and drug effects can allow for the creation of 

a mechanistic disease model for AEC development and 
growth. Our in vitro human tissue quantitative real-time poly-
merase chain reaction results and in silico NCBI GEO data 
analysis suggest that AEC pathophysiology appears to be 
distinct in comparison with other inflammatory GI disorders, 
such as Crohn’s disease and ulcerative colitis.
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nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).

Funding.  No funding was received for this work.

Conflict of Interest.  The authors declared no competing interests 
for this work.

Authors Contributions.  M.S., M.B.Y., and B.Y. wrote the manu-
script. M.S., M.B.Y., B.A., and B.Y. designed the research. M.S. and M.B.Y. 
performed the research. M.S. and M.B.Y. analyzed the data. A.G., M.E., 
N.H., and B.Y. contributed new reagents/analytical tools.

	 1.	 Sami, S.S., Al-Araji, S.A. & Ragunath, K. Review article: gastrointestinal angiodys-
plasia - pathogenesis, diagnosis and management. Aliment. Pharmacol. Ther. 39, 
15–34 (2013). 

	 2.	 Höchter, W., Weingart, J., Kühner, W., Frimberger, E. & Ottenjann, R. Angiodysplasia 
in the colon and rectum. Endoscopic morphology, localisation and frequency. 
Endoscopy 17, 182–185 (1985).

	 3.	 Liao, Z., Gao, R., Xu, C. & Li, Z.-S. Indications and detection, completion, and re-
tention rates of small-bowel capsule endoscopy: a systematic review. Gastrointest. 
Endosc. 71, 280–286 (2010).

	 4.	 Foutch, P.G., Rex, D.K. & Lieberman, D.A. Prevalence and natural history of colonic 
angiodysplasia among healthy asymptomatic people. Am. J. Gastroenterol. 90, 
564–567 (1995).

	 5.	 Parkes, B.M., Obeid, F.N., Sorensen, V.J., Horst, H.M. & Fath, J.J. The management 
of massive lower gastrointestinal bleeding. Am. Surg. 59, 676–678 (1993).

	 6.	 Moretó, M., Figa, M., Ojembarrena, E. & Zaballa, M. Vascular malformations of the 
stomach and duodenum: an endoscopic classification. Endoscopy 18, 227–229 
(1986).

	 7.	 Cappell, M.S. Spatial clustering of simultaneous nonhereditary gastrointestinal an-
giodysplasia. Small but significant correlation between nonhereditary colonic and 
upper gastrointestinal angiodysplasia. Dig. Dis. Sci. 37, 1072–1077 (1992).

	 8.	 Steger, A.C., Galland, R.B., Hemingway, A., Wood, C.B. & Spencer, J. Gastrointestinal 
haemorrhage from a second source in patients with colonic angiodysplasia. Br. J. 
Surg. 74, 726–727 (1987).

	 9.	 Boley, S.J. et al. On the nature and etiology of vascular ectasias of the colon. 
Degenerative lesions of aging. Gastroenterology 72, 650–660 (1977).

	 10.	 Romagnuolo, J., Brock, A.S. & Ranney, N. Is endoscopic therapy effective for angio-
ectasia in obscure gastrointestinal bleeding?: a systematic review of the literature. 
J. Clin. Gastroenterol. 49, 823–830 (2015).

	 11.	 Martins, N., Chaput, K., Stawicki, S. & Modi, R. Octreotide as an adjunct in the man-
agement of arterial gastrointestinal bleeding: Should it be considered in refractory 
cases of obscure origin? Int. J. Crit. Illn. Inj. Sci. 7, 8–11 (2017).

	 12.	 Strate, L.L. & Gralnek, I.M. ACG clinical guideline: management of patients with 
acute lower gastrointestinal bleeding. Am. J. Gastroenterol. 111, 459–474 (2016).

	 13.	 Heyde, E.C. Gastrointestinal bleeding in aortic stenosis. N. Engl. J. Med. 259, 196 
(1958).

	 14.	 Starke, R.D. et al. Endothelial von Willebrand factor regulates angiogenesis. Blood 
117, 1071–1080 (2011).

	 15.	 Guo, S. & Dipietro, L.A. Factors affecting wound healing. J. Dent. Res. 89, 219–229 
(2010).

	 16.	 Cano Sanchez, M., Lancel, S., Boulanger, E. & Neviere, R. Targeting oxidative stress 
and mitochondrial dysfunction in the treatment of impaired wound healing: a sys-
tematic review. Antioxidants 7, 98 (2018).

	 17.	 Sarangdhar, M. et al. Data mining differential clinical outcomes associated with 
drug regimens using adverse event reporting data. Nat. Biotechnol. 34, 697–700 
(2016).

	 18.	 Norén, G.N., Sundberg, R., Bate, A. & Edwards, I.R. A statistical methodology for 
drug-drug interaction surveillance. Stat. Med. 27, 3057–3070 (2008).

	 19.	 Norén, G.N., Hopstadius, J. & Bate, A. Shrinkage observed-to-expected ratios for 
robust and transparent large-scale pattern discovery. Stat. Methods Med. Res. 22, 
57–69 (2011). 



528

Clinical and Translational Science

Oxidative Stress in Angioectasia
Sarangdhar et al.

	 20.	 Handra-Luca, A. & Montgomery, E. Vascular malformations and hemangiolymph-
angiomas of the gastrointestinal tract: morphological features and clinical impact. 
Int. J. Clin. Exp. Pathol. 4, 430–443 (2011).

	 21.	 Gordon F.H., Watkinson A. & Hodgson H. Vascular malformations of the gastrointes-
tinal tract. Best Pract. Res. Clin. Gastroenterol. 15, 48–51 (2001).

	 22.	 Kuhn, M., von Mering, C., Campillos, M., Jensen, L.J. & Bork, P. STITCH: interaction 
networks of chemicals and proteins. Nucleic Acids Res. 36, D684–D688 (2008).

	 23.	 Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic 
Acids Res. 28, 27–30 (2000).

	 24.	 Jegga, A.G.et al. GATACA <http://gataca.cchmc.org>.
	 25.	 Chen, J., Bardes, E.E., Aronow, B.J. & Jegga, A.G. ToppGene Suite for gene list 

enrichment analysis and candidate gene prioritization. Nucleic Acids Res. 37, 
W305–W311 (2009).

	 26.	 Kaimal, V., Bardes, E.E., Tabar, S.C., Jegga, A.G. & Aronow, B.J. ToppCluster: a multiple 
gene list feature analyzer for comparative enrichment clustering and network-based 
dissection of biological systems. Nucleic Acids Res. 38, W96–W102 (2010).

	 27.	 BaseSpace Correlation Engine <https://www.illum​ina.com/produ​cts/by-type/infor​
matic​s-produ​cts/bases​pace-corre​latio​n-engine.html>. 

	 28.	 Kupershmidt, I. et al. Ontology-based meta-analysis of global collections of 
high-throughput public data. PLoS One 5, e13066 (2010).

	 29.	 Edgar, R., Domrachev, M. & Lash, A.E. Gene Expression Omnibus: NCBI gene ex-
pression and hybridization array data repository. Nucleic Acids Res. 30, 207–210 
(2002).

	 30.	 Athar, A. et al. ArrayExpress update - from bulk to single-cell expression data. 
Nucleic Acids Res. 47, D711–D715 (2019).

	 31.	 Carey, R. et al. Activation of an IL-6:STAT3-dependent transcriptome in pe-
diatric-onset inflammatory bowel disease. Inflamm. Bowel Dis. 14, 446–457 
(2008).

	 32.	 O’Flaherty, S. & Klaenhammer, T.R. Influence of exposure time on gene expres-
sion by human intestinal epithelial cells exposed to Lactobacillus acidophilus. Appl. 
Environ. Microbiol. 78, 5028–5032 (2012).

	 33.	 Ahrens, R. et al. Intestinal macrophage/epithelial cell-derived CCL11/eotaxin-1 
mediates eosinophil recruitment and function in pediatric ulcerative colitis. J. 
Immunol. 181, 7390–7399 (2008).

	 34.	 Noble, C.L. et al. Regional variation in gene expression in the healthy colon is dys-
regulated in ulcerative colitis. Gut 57, 1398–1405 (2008).

	 35.	 Planell, N. et al. Transcriptional analysis of the intestinal mucosa of patients with 
ulcerative colitis in remission reveals lasting epithelial cell alterations. Gut 62, 
967–976 (2013).

	 36.	 Measuring Cell Fluorescence using ImageJ <https://scien​cetec​hblog.
com/2011/05/24/measu​ring-cell-fluor​escen​ce-using​-imagej>.

	 37.	 Onuma, H. et al. The glucagon-like peptide 1 receptor agonist enhances intrinsic 
peroxisome proliferator-activated receptor γ activity in endothelial cells. Biochem. 
Biophys. Res. Commun. 451, 339–344 (2014).

	 38.	 Athauda, D. & Foltynie, T. The glucagon-like peptide 1 (GLP) receptor as a thera-
peutic target in Parkinson’s disease: mechanisms of action. Drug Discov. Today 21, 
802–818 (2016).

	 39.	 Nissen, S.E. & Wolski, K. Effect of rosiglitazone on the risk of myocardial infarc-
tion and death from cardiovascular causes. N. Engl. J. Med. 356, 2457–2471 
(2007).

	 40.	 Shannon, P. et al. Cytoscape: a software environment for integrated models of bio-
molecular interaction networks. Genome Res. 13, 2498–2504 (2003).

	 41.	 Sakamoto, J. et al. Activation of human peroxisome proliferator-activated receptor 
(PPAR) subtypes by pioglitazone. Biochem. Biophys. Res. Commun. 278, 704–711 
(2000).

	 42.	 Goncalves, E. & Bell, D.S.H. Combination treatment of SGLT2 inhibitors and GLP-1 
receptor agonists: symbiotic effects on metabolism and cardiorenal risk. Diabetes 
Ther. 9, 919–926 (2018).

	 43.	 Devchand, P.R., Liu, T., Altman, R.B., FitzGerald, G.A. & Schadt, E.E. The pioglita-
zone trek via human PPAR gamma: from discovery to a medicine at the FDA and 
beyond. Front. Pharmacol. 9, 1093 (2018).

	 44.	 Junquera, F., Saperas, E., de Torres, I., Vidal, M.T. & Malagelada, J.R. Increased 
expression of angiogenic factors in human colonic angiodysplasia. Am. J. 
Gastroenterol. 94, 1070–1076 (1999).

	 45.	 Fujita, H., Momoi, M., Chuganji, Y. & Tomiyama, J. Increased plasma vascular en-
dothelial growth factor levels in patients with angiodysplasia. J. Intern. Med. 248, 
268–269 (2000).

	 46.	 Chun, C., Zheng, L. & Colgan, S.P. Tissue metabolism and host-microbial interac-
tions in the intestinal mucosa. Free Radic. Biol. Med. 105, 86–92 (2017).

	 47.	 Williams, R.C. Aortic stenosis and unexplained gastrointestinal bleeding. Arch. 
Intern. Med. 164, 679 (2004).

	 48.	 Jilma-Stohlawetz, P. et al. Acquired von Willebrand factor deficiency caused by 
LVAD is ADAMTS-13 and platelet dependent. Thromb. Res. 137, 196–201 (2016).

	 49.	 Sánchez-Elsner, T. et al. Synergistic cooperation between hypoxia and transform-
ing growth factor-beta pathways on human vascular endothelial growth factor gene 
expression. J. Biol. Chem. 276, 38527–38535 (2001).

	 50.	 Gordon, K.J. & Blobe, G.C. Role of transforming growth factor-β superfamily sig-
naling pathways in human disease. Biochim. Biophys. Acta Mol. Basis Dis. 1782, 
197–228 (2008).

	 51.	 Weiss, A. & Attisano, L. The TGFbeta superfamily signaling pathway. Wiley 
Interdiscip. Rev. Dev. Biol. 2, 47–63 (2013).

	 52.	 Thalgott, J., Dos-Santos-Luis, D. & Lebrin, F. Pericytes as targets in hereditary 
hemorrhagic telangiectasia. Front. Genet. 6, 37 (2015).

	 53.	 Silva-Filho, A.F. et al. Glycobiology modifications in intratumoral hypoxia: the breath-
less side of glycans interaction. Cell. Physiol. Biochem. 41, 1801–1829 (2017).

	 54.	 Hart, G.W. O-GlcNAcylation: nutrient sensor that regulates cell physiology. In 
Glycoscience: Biology and Medicine. (eds. Hart, G., Seeberger, P., & Wong, C.H.) 
1193–1199 (Springer, Tokyo, Japan, 2015).

	 55.	 Byndloss, M.X. et al. Microbiota-activated PPAR-γ signaling inhibits dysbiotic 
Enterobacteriaceae expansion. Science 357, 570–575 (2017).

	 56.	 Wang, P. et al. Rosiglitazone suppresses glioma cell growth and cell cycle by block-
ing the transforming growth factor-beta mediated pathway. Neurochem. Res. 37, 
2076–2084 (2012).

	 57.	 Lu, X. et al. Hypoxia downregulates PPARγ via an ERK1/2-NF-κB-Nox4-dependent 
mechanism in human pulmonary artery smooth muscle cells. Free Radic. Biol. Med. 
63, 151–160 (2013).

© 2020 The Authors. Clinical and Translational Science 
published by Wiley Periodicals LLC on behalf of the 
American Society for Clinical Pharmacology and 
Therapeutics. This is an open access article under 
the terms of the Creative Commons Attribution-Non
Commercial License, which permits use, distribution 
and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial 
purposes.

http://gataca.cchmc.org
https://www.illumina.com/products/by-type/informatics-products/basespace-correlation-engine.html
https://www.illumina.com/products/by-type/informatics-products/basespace-correlation-engine.html
https://sciencetechblog.com/2011/05/24/measuring-cell-fluorescence-using-imagej
https://sciencetechblog.com/2011/05/24/measuring-cell-fluorescence-using-imagej
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

