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Abstract

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) is a rare autosomal recessive disease caused by thymidine
phosphorylase (TP) enzyme defect. As gastrointestinal changes do not revert in patients undergone TP replacement ther-
apy, one can postulate that other unexplored mechanisms contribute to MNGIE pathophysiology. Hence, we focused on the
local TP angiogenic potential that has never been considered in. MNGIE. In this study, we investigated the enteric submuco-
sal microvasculature and the effect of hypoxia on fibrosis and enteric neurons density in jejunal full-thickness biopsies col-
lected from patients with MNGIE. Orcein staining was used to count blood vessels based on their size. Fibrosis was
assessed using the Sirius Red and Fast Green method. Hypoxia-and neoangiogenesis were determined via hypoxia-induci-
ble-factor-1o. (HIF-10) and vascular endothelial cell growth factor (VEGF) protein expression, respectively. Neuron-specific
enolase was used to label enteric neurons. Compared with controls, patients with MNGIE showed a decreased area of vas-
cular tissue, but a twofold increase of submucosal vessels/mm? with increased small size and decreased medium and large
size vessels. VEGF positive vessels, fibrosis index, and HIF-1o protein expression were increased, whereas there was a
diminished thickness of the longitudinal muscle layer with an increased interganglionic distance and reduced number of
myenteric neurons. We demonstrated the occurrence of an angiopathy in the GI tract of patients with MNGIE.
Neoangiogenetic changes, as detected by the abundance of small size vessels in the jejunal submucosa, along with hy-
poxia provide a morphological basis to explain neuromuscular alterations, vasculature breakdown, and ischemic abnormal-
ities in MNGIE.

NEW & NOTEWORTHY Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) is characterized by a genetically
driven defect of thymidine phosphorylase, a multitask enzyme playing a role also in angiogenesis. Indeed, major gastroin-
testinal bleedings are life-threatening complications of MNGIE. Thus, we focused on jejunal submucosal vasculature and
showed intestinal microangiopathy as a novel feature occurring in this disease. Notably, vascular changes were associated
with neuromuscular abnormalities, which may explain gut dysfunction and help to develop future therapeutic approaches in
MNGIE.
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INTRODUCTION

Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a rare autosomal recessive disease caused by
TYMP mutations, leading to a defective thymidine phospho-
rylase (TP) (1-3). This results in a toxic accumulation of
nucleosides and mitochondrial DNA (mtDNA) abnormalities
damaging various tissues, including the gastrointestinal (GI)
tract. Patients with MNGIE show severe GI dysmotility and
alterations of many organs, including brain and skeletal
muscles, ultimately leading to a poor quality of life and
death (2,3). Permanent replacement of TP is the best life-sav-
ing approach to stably reduce nucleoside imbalance,
improve skeletal muscle tone and recover walking ability, re-
establish oral feeding, and, therefore, ameliorate the overall
patients’ quality of life. Several therapeutical approaches
have been developed to improve symptoms in patients with
MNGIE. These include allogeneic hematopoietic stem cell
(AHSCT) and liver transplantation (LT) that are effective in
inducing biochemical and clinical improvement (4, 5).
However, the follow-up of patients who have undergone
AHSCT (5-7) or LT (4, 8-10) showed that some alterations,
such as GI abnormalities including malabsorption and
bleeding, along with diffuse brain leukoencephalopathy,
never revert. These findings suggest that some other factors
play a key role in permanent tissue abnormalities of patients
with MNGIE.

TP is also known as platelet-derived endothelial cell
growth factor, involved in physiological and pathological
angiogenesis (11). TP converts thymidine plus phosphate in
thymine and 2-deoxy-D-ribose-1-phosphate (dRP). In vitro
and in vivo experiments demonstrated that dRP (and not TP
enzyme activity) is the chemotactic agent that induces the
endothelial progenitor cells to form/repair blood vessels (12).
In particular, the release of dRP in the area of vascular injury
is likely to promote endothelial cell migration from intact
neighboring regions (12). The defective TP does not allow the
critical conversion from thymidine plus phosphate to thy-
mine and dRP in native MNGIE organs even in those
patients who are treated with AHSCT or LT. As dRP needs to
be locally released to exert its angiogenic properties (13), our
working hypothesis is that this mechanism might contribute
to the vascular abnormalities in tissues of patients with
MNGIE, as emerged by previous studies documenting micro-
angiopatic changes characterized by mtDNA depletion and
metabolic impairment of the vessel wall cellular components
(7, 14,15). We reasoned that vasculature abnormalities, as
well as an associated impaired vascular permeability, may
provide a basis to explain why key GI symptoms and brain
leukoencephalopathy still persist following TP replacement
therapy. Although leukoencephalopathy seems to remain
asymptomatic over time, the irreversible GI abnormalities in
MNGIE can be fatal. Indeed, there have been case reports of
patients with MNGIE who have received AHSCT or LT who
died of GI complications such as perforation or bleeding 1-
3yr later regardless of whether they suffered GI symptoms
before these procedures (6, 10).

The aim of our research was to test the hypothesis that
alterations of the GI vascular system in patients with MNGIE
represent a possible mechanism underlying GI complica-
tions by providing a morphological and morphometrical

G2

analysis of the GI vascular tissue in full-thickness jejunal
biopsies of patients with MNGIE compared with GI asymp-
tomatic controls. Along with a qualitative assessment of the
GI tissue, we measured the total area of submucosa occupied
by vascular tissue, the number of vessels supplying the sub-
mucosa, their size, and percentage of each vessel size.
Because of the absence of TP in MNGIE, we analyzed the
localization and expression of the vascular endothelial cell
growth factor (VEGF), which is known to play a contributory
role in small vessel formation. Finally, the protein distribu-
tion and expression of hypoxia-inducible factor (HIF)-1a, the
localization and amount of fibrosis and the number of en-
teric neurons were measured as an outcome of hypoxic
phenomena.

METHODS

Patients

The study includes n = 5 patients with biochemically and
genetically proven diagnosis of MNGIE (1 female and 4
males; age range: 20-38yr) and n = 9 controls without symp-
toms suggestive of GI impairment who underwent abdomi-
nal surgery for noncomplicated GI tumors (4 females and 5
males; age range: 47-71yr). Full-thickness biopsies (5 x 1 cm)
of the jejunum were obtained from all patients and controls
during abdominal surgery or laparoscopy. Control group
biopsies were collected from jejunal tissue adjacent to the GI
tumors, which did not show macroscopic abnormalities.
Subsequent histological analysis confirmed the lack of mi-
croscopic abnormalities in control tissues. Specimens were
fixed overnight in 10% formalin, embedded in paraffin and
sectioned at 5 or 10 um according to standard protocol (16). A
snap frozen (—80°C) sample (1 x 1 cm) was collected in 5 con-
trols and 2 patients with MNGIE.

Ethics Approval and Consent to Participate

The study protocol was approved by the Ethics Committee
of St. Orsola-Malpighi Hospital of Bologna, Italy Protocol No.
50/2012/0/Sper (EM/146/2014/0). All subject (patients and
controls) gave written informed consent to participate.

Orcein Staining

Tissue sections (10 um) from each subject were deparaffi-
nized in xylene and rehydrated through graded ethanol.
Tissue sections were incubated 1h with a solution containing
1% orcein, 70% ethanol, and 0.6 mL HCI. After being washed
in distilled water, tissue sections were placed for 30s in 95%
ethanol, then for 30 min in a 100% ethanol solution to allow
the elastic fibers to assume the typical black-brown color. To
remove staining from nonelastic fibers, sections were treated
with a solution containing 70% ethanol and 1% HCI for
5min. After dehydration was completed, tissue sections
were cover-slipped using mounting medium.

Small Vessels Quantitative Analysis

Orcein-stained sections were used to measure the vascular
area (i.e., area of tissue occupied by blood vessels within the
submucosa) and count the number of vessels detectable in
the jejunal submucosa. In each section, all consecutive fields
representative of the submucosal layer (at least 10 fields/
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section; 3 nonconsecutive sections/patient or control) were
captured using a Nikon DXM1200 digital camera (Nikon,
Tokyo, Japan) mounted on a LEICA DM LB (Leica,
Mannheim, Germany) light transmission microscope at a
x100 final magnification. Acquired images were evaluated
with the Automatic Camera Tamer (ACT)-1 dedicated soft-
ware (Nikon, Tokyo, Japan). For each control and patient
section, the total area occupied by vessels was calculated in
relation to the total area of the submucosa (expressed as ra-
tio). The number of vessels was calculated on mm? of sub-
mucosa. The diameter of each analyzed vessel was assessed
using ImageJ 1.48V free software. To standardize the quanti-
tative analysis, the largest diameter of asymmetrical vessels
has always been considered in both controls and patients
with MNGIE. Blood vessels were then subdivided into four
categories, according to their diameter: >301; 300-101; 100-
51; and <50 um. In each subject (either control or MNGIE),
the number of blood vessels per each category has been
reported as a percentage of the total number of vessels.

Assessment of Tissue Fibrosis

The quantification of fibrosis was performed directly on
formalin-fixed and paraffin-embedded tissue sections using
the Sirius Red (that binds to all types of collagen)/Fast
Green (for noncollagenous proteins) Staining kit (Condrex
Redmond, WA). Briefly, n = 3 nonconsecutive tissue sections
for each subject were deparaffinized and incubated 30 min
with the Sirius red/fast green staining solution mix. After
being washed with distilled water, images were captured
using the previously described image acquisition system at
different magnifications for a qualitative assessment. Sirius
red/fast green dye was extracted on each stained section
using 1 mL of dye extraction buffer included in the kit. The
eluted dye solution was collected in plastic cuvette and ana-
lyzed with a 350-UV-Vis spectrophotometer (Thermo Fisher
Scientific, Rockford, IL) at A = 540 nm (fast green) and A =
605nm (Sirius red). Fibrosis was estimated using the ratio
between collagenous and noncollagenous protein (expressed
as ug/section) according to the following two formulas,
respectively:

Collagenous protein (uig>
section
[OD 540 value — (OD 605 value x 0.291)]
~ color equivalence of noncollagenous protein at OD 540 (=

0.0378)
(1)

and

Noncollagenous proteins( g )
section

_ OD 605 value
"~ color equivalence of collagenous protein at OD 605 (= 0.00204)°

(2)

The average obtained from control group has been used as
calibrator (unitary value). For an appropriate calculation of
the collagen amount, the OD 540 value was corrected by sub-
tracting the contribution of fast green at 540 nm correspond-
ing t0 29.1% of the OD 605 value.

Longitudinal Muscle Layer Thickness

Sirius red/fast green-stained sections were also used to
measure the longitudinal muscle thickness using ImageJ
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1.48V software. For each patient and control, the final value
has been obtained using the average of six measurements
per section, in random (nonoverlapping) fields containing
the muscular longitudinal layer. These measurements were
performed on three nonconsecutive sections.

VEGF, HIF-1a and Neuron-Specific Enolase
Immunostaining

Paraffin-embedded jejunal sections (5um) were rehy-
drated and antigen retrieval was performed by heating sec-
tions for 25min at 90°C in a water bath in the presence of
10mmol/L sodium citrate buffer pH 6.0. Sections were
treated with an endogenous peroxidase blocking kit (Gene
Tex, Aachen, Germany). Immunostaining was performed
using a commercial kit (Millipore, Milan, Italy) following the
manufacturer’s instructions. Mouse monoclonal anti-VEGF
(C-1:5¢-7269; dilution: 0.02 pg/ul) and anti-HIF-1a (sc-13515;
dilution: 0.02 pg/uL) (Santa Cruz Biotechnology, Dallas, TX)
were used to label vessels and tissue and/or cells in hypoxic
condition, respectively. The neuron-specific enolase (NSE)
antibody (rabbit PA1-28217; dilution 1:1; Thermo Fisher
Scientific, Rockford, IL) was used to label myenteric and sub-
mucosal neurons. The goat anti-mouse or anti-rabbit biotin-
ylated secondary antibodies (dilution 1:1) were used as
provided by the immunostaining kit (Millipore, Milan, Italy).
The specificity of VEGF and HIF-1a antibodies has been
determined with Western blotting (WB) experiments.

WB Detection of VEGF and HIF-1« Proteins

Total proteins were extracted from 0.5g of each jejunal
sample from n = 5 controls and n = 2 patients with MNGIE
using TPER tissue protein extraction reagent in the presence
of protease inhibitor cocktail (Thermo Fisher Scientific,
Rockford, IL). Total protein fractions were quantified using a
NanoDrop 2000 spectrophotometer and stored at —80°C.
For WB analysis, 100 pg of total proteins were diluted (vol/
vol) in homemade Laemmli sample buffer pH 6.8 (4% SDS;
20% glycerol; 120 mM Tris-Cl; bromophenol blue 0.02%) and
boiled 10 min before loading onto gel. Proteins were sepa-
rated using 10% SDS-PAGE and transferred onto nitrocellu-
lose membrane overnight at 12 mV. Membranes were
blocked with a buffer containing 5% fat-free milk and then
incubated overnight at 4°C with VEGF or HIF-1a antibodies
at 1:200 dilution. Membranes were washed three times in
phosphate Tris buffer saline (100 mM Tris HCI, 1.5M Nacl,
0.5% Tween-20, pH 8.3) and incubated with the specific
horseradish peroxidase (HRP)-conjugated goat anti-mouse
(A4416) or goat anti-rabbit (A6154) secondary antibodies
(Millipore, Milan, Italy) diluted 1:5,000 for 2h at room tem-
perature. Immunoreactive bands were visualized by ECL
Western Blotting Substrate (Thermo Fisher Scientific) on a
C-DiGit Blot Scanner system and quantified by the dedicated
software Image Studio Software v. 3.1.4 (both LI-COR, Bad
Homburg, Germany). Each detected protein was normalized
using the intensity of the reference proteins, that is, GAPDH
(mouse monoclonal anti-GAPDH; clone 6C5 ab8245; Abcam,
Cambridge, UK) or VINCULIN (rabbit polyclonal anti-vincu-
lin antibody GTX113294; GeneTex, Inc., San Antonio, TX)
1:1,000. GAPDH proteins were detected on the same mem-
brane following stripping with Restore Plus Western Blot
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Stripping Buffer (Thermo Fisher Scientific). Each assay was
conducted in duplicate on separate membranes.

Neuronal Cell Count and Interganglionic Distance

Enteric NSE immunoreactive neurons per ganglion and
myenteric interganglionic distance were assessed as previ-
ously published (17). Briefly, the ganglia were counted (>5
ganglia/section) scanning with the microscope from left to-
ward the right side of each section. With this procedure the
distances between ganglia and the number of neurons per
ganglion were assessed. At least n = 3 random jejunal cross
sections from one specimen per patient with MNGIE and
control were examined. Images (x100) were captured and
the distance between consecutive ganglia was calculated
using the ImageJ 1.48V software using a 300-um cut-off to
define the arbitrary ganglionic unit (17).

Statistical Analysis

Since MNGIE is an extremely rare disorder and based on
the surgical full-thickness specimens, the number of n = 5
enrolled patients is considered sufficient for statistical eva-
luations. The statistical analysis was performed using
GraphPad Prism Software (v. 5.0). Mann-Whitney test was
used for group comparisons. Fisher’s test was used to com-
pare VEGF or HIF-1a immunoreactive bands.

RESULTS

Submucosal Blood Vessel Assessment

As reported in Fig. 14, the submucosal area occupied by
vascular tissue in patients with MNGIE (12.6 + 5.4 ratio) was
2.2-fold lower as compared with controls (28.4 + 4.9 ratio; P =
0.002). Conversely, the number of blood vessels per mm? of
submucosa was 2.1 times higher in patients with- MNGIE
(25.8 +16.0 number of vessels/mm?) compared with controls
(12.2+4.8 number of vessels/mm? P = 0.019; (Fig. 1B).
Compared with large and medium size blood vessels, those
of small size were significantly more abundant in MNGIE
(Fig. 1C). Compared with controls, there was a significant
reduction in the percentage of large (Fig. 2, A and B) and me-
dium (Fig. 2, C and D) size blood vessels (vessels >301 um,
5.7% £ 4.9% vs. 15.9% * 6.1% P = 0.0163; vessels 300-101 pm,
18.2% * 8.0% Vvs. 41.1% + 6.7% P = 0.0010) that corresponded
to ~2.8- and 2.3-folds decrease, respectively, in patients with
MNGIE. The percentage of small (100-51 um) blood vessels
did not change in MNGIE versus controls (24.3% * 8.1% vs.
25.1% * 7.6%) (Fig. 2, E and F), whereas the percentage of the
very small vessels (<50 pm) was significantly higher 2.9-fold
in patients with MNGIE (51.6% =+ 18.3%) compared with con-
trols (17.8% = 7.7%; P = 0.001) (Fig. 2, G and H).

Fibrosis Assessment

The fibrosis index (Fig. 3A) was 1.7-fold higher in patients
with MNGIE versus controls (1.7+0.3 vs. 1x0.2; P = 0.0043).
The density of disorganized orcein-labeled elastic fibers was
more abundant in the submucosal layer of patients with
MNGIE compared with controls, where their detection was
marginal or absent (Fig. 3, B and C). There was increased fibro-
sis as indicated by the abundant and disorganized Sirius red-la-
beled collagen/fast green in the submucosa (Fig. 3E) of patients
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Figure 1. Measurement of vascular tissue of the submucosal layer. A: ratio
of the area of submucosal layer occupied by vascular tissue expressed in
mm? divided for the total area (mm?) of submucosa in patients with MNGIE
and controls (CTR) (*P = 0.0022). B: ratio between the number of total ves-
sels counted in the submucosa divided for the total area (mm?) of submu-
cosa in patients with MNGIE and CTR (*P = 0.019). C: illustration of the
percentage of each group of vessels separated on the basis of their diame-
ter in the submucosa of patients with MNGIE and CTR. Note that in patients
with MNGIE more than half of the vessels have the diameter < 50 pm.
MNGIE, mitochondrial neurogastrointestinal encephalomyopathy.

with MNGIE compared with controls (Fig. 3D). There were also
severe cellular abnormalities of the mucosal layer, and collagen
fibers were clearly visualized throughout the lamina propria in
patients with MNGIE. In addition, qualitative analysis of the
structure of blood vessels revealed abnormalities including a
very thin or even absent endothelium and a disorganized and
collagen (“onion-like”) enriched vascular wall in patients with
MNGIE (Fig. 3G) compared with controls (Fig. 3F).

Longitudinal Muscle Layer Thickness

The thickness of the longitudinal muscle layer in
patients with MNGIE was 4.6-fold lower as compared

G4 AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00047.2021 - www.ajpgi.org
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with controls (307.8£125.9 vs. 1,427.6£980.1um; P =
0.0033) (Fig. 4, A-C). The muscle layer of patients with
MNGIE showed a massive fibrosis particularly evident
in the longitudinal layer compared with controls (Fig.
4, D and E) The fibrosis in the muscle wrapped around
myenteric ganglia, thus generating a periganglionic

cap.

Figure 2. Analysis of different diameter
submucosal vessels. A, C, E, and G: per-
centage of vessels of different diameter in
each patient with MNGIE and CTR. B, D, F,
and H: representative images of sections
stained with orcein for each vessel size
are shown in (magnification bar 100 um).
Specifically, graph reporting the percent-
age of large diameter vessels in CTR vs.
patients with MNGIE (*P = 0.0163) (A) with a
representative image of large vessel (>
301um) in B. Graph illustrating the percent-
age of medium diameter vessels in CTR vs.
patients with MNGIE (*P = 0.001) (C) with a
representative image of medium vessel
(300-101 um) in D. Graph showing the per-
centage of small vessels (P = ns) (E) with a
representative image of small vessel (100—
51 um) in F. Graph showing the percentage
of the smallest diameter vessels in both
groups (*P = 0.001) (G) with a representa-
tive image of the smallest diameter vessel
(<50 pm) in H. MNGIE, mitochondrial neu-
rogastrointestinal encephalomyopathy.

Submucosal and Myenteric Neuron Cell Count and
Interganglionic Distance Assessment

The quantitative analysis of neurons in the submucosal
plexus showed no differences between patients with MNGIE
and controls (3.4+0.9 vs. 4.2+1; P = 0.2389, respectively)
(data not shown). The quantitative analysis of myenteric
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Figure 3. Fibrosis assessment on full-
thickness biopsies of jejunal tissue. A: the
graph shows the fibrosis index in the full-
thickness jejunal biopsies that was signifi-
cantly increased in patients with MNGIE
vs. controls (*P = 0.0043). Sections of
the jejunum submucosa in CTR (B) and
patients with MNGIE (C); note the abun-
dant and disorganized spread of elastic
fibers in patients with MNGIE illustrated in
Ci that is a high magnification of C,
which are absent in controls. Images were
obtained from orcein-stained tissue sec-
tions (magnification bar 100 pm). Sections
from CTR (D) and patients with MNGIE (E),
that were stained using Sirius red and fast
green. Red color is the collagen distrib-
uted in mucosa (M) and submucosa (SM),
whereas light green represents noncoll-
agenous fibers (magnification bar 100 pm).
Sections from CTR (F) and patients with
MNGIE (G) are stained with Sirius red and
fast green to label vessel structure, particu-
larly vessel wall (Wa) and endothelium (En)
in green and labeled with *. Calibration bar:
50 um. CTR, control; MNGIE, mitochondrial
AQ: 17 neurogastrointestinal encephalomyopathy.

IOor00

F5 neurons is shown in Fig. 5, A-C. Patients with MNGIE HIF-1« and VEGF Tissue Distribution and WB Detection
showed a 4.6-fold lower number of neurons/ganglion com- . . .
pared with controls (11.2£4.2 vs. 51.2£9.6; P = 0.001). In line [ contrast to controls (Fig. 6, A-C), jejunum tissue sec- F6
with this result, the interganglionic distance between adja- tions of patients with MNGIE (Fig. 6, D-G) showed intense
cent myenteric ganglia was 2.2-fold higher (981.7 + 266.4 ym) HIF-1o immunoreactivity detected in both longitudinal (Fig.

in patients with MNGIE compared with controls (447.7+ 6D) and circular (Fig. 6F) muscle layers and in some myen-
61.9 um; P = 0.001) (Fig. 5, D-F). teric ganglia (Fig. 6E). A progressive increase of HIF-1a
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Figure 4. Longitudinal muscle quantitative and qualitative assessment. A: graph showing the difference in thickness of the external longitudinal muscle
layer in controls (CTR) and patients with MNGIE (*P = 0.0033). Tissue sections from CTR (B) and patients with MNGIE (C), which are stained with Sirius
red and fast green. The black double arrows in B and C indicate the thickness of the external longitudinal muscle layer (LML). Magnification bar: 500 pm.
Section stained with Sirius red and fast green in CTR (D) and patients with MNGIE (E). In E, the majority of muscle cells (light green) of the LML are substi-
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CML (magnification bar: 100 um). CML, inner circular muscle layer; M, mucosa; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; MP,
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immunoreactivity was appreciated from the innermost to
the outermost aspects of the muscle layer (Fig. 6G). Western
blot analysis confirmed that HIF-1o expression was detected
in MNGIE but it was under the detection limit in control jeju-
nal extracts (P < 0.001) (Fig. 6, H and I).

In contrast to controls (Fig. 7, A and C), where only a few
VEGF-positive vessels were detectable in the jejunal submu-
cosa, patients with MNGIE displayed an abundant number
of very small VEGF-positive vessels (Fig. 7, B and D). As high-
lighted in Fig. 7D, some of these VEGF-positive vessels
showed damages, such as an apparently broken wall. In con-
trast to controls, Western blot analysis of VEGF yielded a
four time more abundant expression in patients with MNGIE
versus controls (1.6 # 0.7 vs. 0.4 =£0.2) in full-thickness tissue
protein extracts (P < 0.05) (Fig. 7, E and F).

As previously indicated, WB quantification was possible
only in 2 patients with MNGIE. Despite the very low number
of cases, the difference is statistically significant. However,
these data confirmed the immunohistochemical analysis
and the antibody specificity performed in all cases.

DISCUSSION

This study was designed to perform a thorough morpho-
metric evaluation of the blood vessels, fibrosis index, and en-
teric neuron density in jejunal full-thickness biopsies of
patients with MNGIE compared with controls and establish
whether hypoxic mechanisms may underlie the occurrence
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and persistence of GI symptoms and complications in
patients with MNGIE.

In the GI tract, blood vessels in the submucous layer pre-
dominantly originate from the trunks of vasa recta, their col-
laterals or mutual anastomosis. A negligible vascular
contribution to GI muscular layers derives from the subser-
ous plexus (18). Our analysis showed that 57% of the vascula-
ture in the submucosa of the jejunum of patients with
MNGIE had a diameter lower than 100 um and in this subset
52% of blood vessels had a diameter lower than 50 um. Only
24% of the total vessels had a diameter >300 pm. In contrast,
in control submucosa, 58% of vessels had a diameter
>300 um and only 18% had a diameter < 50 um. The striking
difference in blood vessel sizes explains the marked decrease
in the total area of vascular tissue observed in the submuco-
sal layer of patients with MNGIE versus controls. Taken to-
gether, our data support the existence of significant vascular
abnormalities in the jejunum of patients with MNGIE that
are likely related to the absence of TP activity, which most
probably impacts angiogenesis and vascular maintenance.

Angiogenesis is a finely tuned process involving several
factors that cooperate in a coordinated manner. Among the
factors playing a role in blood vessel formation, vascular
VEGF and TP are known to exert a regulatory effect on endo-
thelial cell migration, which is required to generate the pre-
lumen of vessels (19). Specifically, TP is thought to act via a
secondary mediator, named dRP, a pentose monosaccharide
with a phosphate group bound to carbon 1, that originates
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Figure 5. Myenteric plexus quantitative analysis. A: graph shows the number of neuronal cell bodies calculated per ganglion for each patient that was
significantly decreased in patients with MNGIE vs. CTR (*P = 0.001). Neuron-specific enolase (NSE) immunoreactivity in tissue sections from CTR (B) and
patients with MNGIE (C). The black arrows point to neuronal cell bodies (magnification bar: 50 um). C from a biopsy of patients with MNGIE shows the
entire ganglion, whereas B shows a portion of a ganglion from a control. B is a high magnification of the inset in the dotted area in Bj, which is a low-mag-
nification image. In Bij, the two * indicate a distance lower than 300 um, which is the cut-off we have previously established to define the arbitrary gangli-
onic unit in thin sections (17), thus NSE immunoreactive neurons within this area belong to the same arbitrary ganglionic unit (AGU) (17). D: graph shows
the interganglionic distance calculated on neighboring ganglia for each patient, which is much higher in patients with MNGIE compared with CTR (*P =
0.001). The distance between adjacent ganglia visualized with NSE immunostaining.in CTR (E) and patients with MNGIE (F). Black arrows indicate the dis-
tance between two ganglia in CTR (E) and patients with MNGIE (F). CTR, control; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy.

during the TP-mediated conversion of the nucleosides (thy-
midine and deoxy-uridine) into the corresponding nucleo-
tides (thymine and uracil) (12). The local release of dRP
evokes a chemotactic effect on endothelial cells, which
migrate from neighboring regions and initiate blood vessel
formation (20-22). The genetically driven defective TP in
patients with MNGIE does not allow the local release of dRP,
likely leading to vascular abnormalities. As TYMP and VEGF
expression is known to be mutually influenced (23), the lack
of TP can be compensated by VEGF as supported by our data
showing a significant number of small size VEGF-positive
vessels, a finding suggestive of an active neo-angiogenesis,
in the jejunum of patients with MNGIE. Furthermore, other
studies showed that an increased VEGF expression results in
excessively leaky (12), permeable (24), and fragile vessels
(25). Indeed, though these features require further investiga-
tion, in our study, we have identified VEGF-positive dam-
aged vascular walls in MNGIE specimens but not in controls.
One of the most serious clinical consequences that patients
with MNGIE may experience is GI bleeding, a possible life-
threatening complication of the disease (10). The emerging
evidence supporting the hypothesis of a fragile and permea-
ble microvascular system is further reinforced by reported
cases such as that of a 25-yr-old female with MNGIE who
received AHSCT and had repeated episodes of severe anemia
due to heavy GI bleeding 3 yr after transplantation. GI
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endoscopy biopsies demonstrated marked vascular abnor-
malities (26), as important risk factors underlying GI compli-
cations, sometimes with fatal outcome.

In our study, we demonstrated a shift of the microvascular
pattern showing an increase of the number and area occu-
pied by small size compared with medium and large size ves-
sels in the jejunal submucosa of patients with MNGIE versus
controls. It is reasonable to hypothesize that the prevalence
of small size vessels causes inadequate blood flow resulting
in hypoxia responsible of tissue changes such as pronounced
fibrosis, involving tissues underneath the submucosa. In
view of this hypothesis, we quantitatively assessed the tis-
sue-specific fibrosis index, the distribution of collagen in the
different GI layers and HIF-lo protein expression and
localization.

In addition to previously reported molecular and morpho-
logical data (14, 27), the increased fibrosis index in the longi-
tudinal muscle and myenteric plexuses along with the
increased expression of HIF-la in the muscular layer and
myenteric neurons, corroborate the hypothesis of hypoxia as
a mechanism affecting the muscular and neuronal integrity
in the small intestine of patients with MNGIE.

A tight relationship between vascular endothelial cells
proliferation and collagen has been documented by several
studies (28-34). The major constituent of the vessel wall is
the extracellular matrix, which is composed by 50% of
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Figure 6. HIF-1a protein localization and expression. Tissue sections from CTR (A—C) and patients with MNGIE (D—F) stained with HIF-1o. protein antibod-
ies. Note the intense immunostaining in the longitudinal muscle layer (LML) (D), myenteric ganglia (E), and circular muscle layer (CML) (F) of patients with
MNGIE compared with the lack of staining in CTR (A—C). Black arrows in E point to HIF-1o-positive neurons (magnification bar: 20 um). G: the increase
gradient of immunostaining intensity in the LML of tissue sections of patients with MNGIE from the circular muscle layer (CML, bottom) (lowest intensity)
to the serosa (S, top) (highest intensity) (100 um scale bar). H and I: the increase in HIF-1o jejunal protein expression in Western blotting from patients
with MNGIE and CTR. HIF-1a jejunal protein expression was normalized vs. GAPDH (reference protein) and expressed in densitometry arbitrary unit (AU),
*P < 0.001. I: densitometry quantification of HIF-1a jejunal protein expression in patients with MNGIE vs. CTR. CTR, control; HIF-1o, hypoxia-inducible-fac-

tor-1a;; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy.

collagen and elastin. The synthesis and metabolism of these
matrix proteins are finely regulated to preserve the blood
vessel structure and function. Vascular wall matrix remodel-
ing alters vessels that may become narrow, stiff, and easy to
break or undergo aneurismal changes. Blood vessels of
patients with MNGIE show a very thin, virtually absent, en-
dothelium coupled with an excessive fibrosis due to an
increased deposition of collagen that significantly alters the
vascular wall structure. These abnormalities may persist
even in patients with MNGIE receiving TP replacement and
can progress toward complications, such as GI bleeding (10).
It can be speculated that only a local release of TP may be
effective to rescue a normal vascularization. In addition,
mutations, deficiencies or different composition of collagen

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00047.2021 - www.ajpgi.org

directly or indirectly affect vasculature structure that could
complicate with bleeding (34). The vascular alterations with
a prominent change of vascular phenotype, that is, from
large to small size blood vessels, detected in the GI tract of
patients with MNGIE may be the cause of irreversible dam-
age to the GI tract. In addition, the natural history of MNGIE
implies progressive metabolic tissue impairment due to
mtDNA depletion, secondary to toxic thymidine levels in cir-
culating blood, and we previously documented that this is
reflected by defective oxidative phosphorylation in brain
vessels (9).

In addition to vasculature, the hypoxia/fibrosis-related
changes affect the myenteric plexus of the jejunum
of patients with MNGIE. Although neurons appeared

G9


http://www.ajpgi.org

I0r-00

J_ID: AJPGI ART NO: GI-00047-2021 Date: 23-March-21

23:39 Page: 10  Total Pages: 14 ini: 6//DH

@ MICROVASCULAR ABNORMALITIES IN MNGIE

Control MNGIE

L N
> ©
Zz s
= N
eI
Zz ©
>

2.5+ *
2.0
&
O 1.5
>
S5 1.04
<
05 _ el
[ )
0.0 T T
& &
&

Figure 7. VEGF protein localization and expression. VEGF immunoreactivity in submucosal vessels in tissue sections from control (CTR) (A), and patients
with MNGIE (B) (100 um scale bar). High magnification images of submucosal vessels expressing VEGF immunoreactivity in tissue sections from CTR (C)
and patients with MNGIE (D) (50 um scale bar). Black arrows in D point to vessels with a fragmented wall. E: VEGF immunoreactive bands in Western blot-
ting from CTR and patients with MNGIE jejunal tissues. F: quantification of VEGF jejunal protein expression normalized vs. VINCULIN (reference protein)
and expressed in densitometry arbitrary unit (AU), *P < 0.05. MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; VEGF, vascular endothe-

lial cell growth factor.

qualitatively and morphologically normal at a histopath-
ological analysis, we identified two aspects indicative of
neuropathology (14, 17), that is, an increased intergan-
glionic distance between adjacent ganglia and a drastic
reduction in the number of myenteric, but not submuco-
sal, neurons per ganglion. In addition, some myenteric
neurons in patients with MNGIE are HIF-1a positive, indi-
cating hypoxic conditions in the plexus. These neuronal
abnormalities observed in patients with MNGIE may be

G10

ascribed to the low oxygen environment due to the
altered vasculature and the collagen cap surrounding
ganglia, probably secondary to the fibrosis progression.
The finding that submucosal neurons in patients with
MNGIE do not appear altered supports the possibility
that the reduced blood flow may reach the submucosa in
the short-range, but not the deeper gut layer (i.e., myen-
teric plexus and longitudinal muscle layer) because of
major microvascular abnormalities.
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In conclusion, our study showed that the GI vascula-
ture architecture is altered in the jejunal submucosa of
patients with MNGIE as indicated by the decrease in the
area of vascular tissue due to the prevalence of vessels
with a low diameter (<50 um) compared with those with
medium/large size (between 100 um and 300 pm). These
changes were associated with HIF-la-mediated hypoxia
and the consequent severe tissue fibrosis (mainly detect-
able in the longitudinal muscle layer) coupled with a
lower number of myenteric neurons and an increase of
the myenteric interganglionic distance. The lack of TP
and the HIF-lo upregulation may induce VEGF-medi-
ated angiogenesis with abnormal neovascularization. A
possible limitation of our study is related to the low
number of samples analyzed. However, because MNGIE
isan ultrarare disease and the data are consistent and re-
producible, n = 5 has been considered a sufficient num-
ber of cases to provide statistically significant results.
Thus, MNGIE may be thought as a condition with an
underling angiopathy. Overall, our results suggest that
the vascular tissue abnormalities, which may be not cor-
rected by AHSCT or LT, are responsible for the perma-
nent GI alterations occurring in MNGIE, paving the way
to evaluate organ revascularization strategies after TP
replacement.
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