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1 | INTRODUCTION

Pulmonary hypertension (PH) is traditionally con-
sidered a pulmonary vascular disease. However, recent
evidence of gastrointestinal tract pathology, its micro-
biota, and activated microglia in the hypothalamic
paraventricular brain region suggests that PH is asso-
ciated with an impaired gut-brain axis. Therefore, it
could be considered a multiorgan disease. This novel
concept of impaired gut-brain-lung communication in

Recent evidence suggests pulmonary hypertension (PH), a disease of the
pulmonary vasculature actually has multiorgan pathophysiology and perhaps
etiology. Herein, we demonstrated that fecal matter transplantation from
angiotensin-converting enzyme 2 overexpressing mice counteracted the effects
of chronic hypoxia to prevent pulmonary hypertension, neuroinflammation,
and gut dysbiosis in wild type recipients.

microbiota, neuroinflammation, renin angiotensin system and pathophysiology

PH provides opportunities for evaluation of new targets
for PH treatment. Angiotensin-converting enzyme 2
(ACE2) is an emerging candidate. Principle evidence in-
cludes (i) observation of decreased ACE2 and its enzy-
matic product, angiotensin-(1-7) in animal models of PH.
Activation, supplementation, or overexpression of ACE2
ameliorates PH. (ii) Global Ace2 overexpressing (Ace2KI)
mice are protected from chronic hypoxia-induced PH.
(iii) In many studies of patients with PH, plasma ACE2 is
decreased and recombinant ACE2 has beneficial effects on
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pulmonary hemodynamics.”* These observations promp-
ted our proposition that ACE2 could rebalance the im-
paired gut-brain-lung axis by influencing the gut
microbiota and gut ACE2. Thus, we tested the hypothesis
that fecal matter transfer (FMT) from Ace2KI mice that
have distinct gut microbiota and protection from hypoxia-
induced PH, would rebalance the gut-brain-lung axis and
protect against PH.

2 | METHODS

All protocols were approved by the Institutional Animal
Care and Use Committee at our University and followed
national guidelines for the use of animals. After acclimation
for 14 days, the gut microbiota of 10 weeks old C57BL6/J
(wild type [WT]) recipient male mice, was depleted with an
antibiotic cocktail (streptomycin [2 g/L], gentamicin [0.5 g/
L], bacitracin (1 g/L], and ciprofloxacin (0.125 g/L)] in au-
toclaved drinking water provided ad libitum for 7 days,
followed by sterile water to drink for 2 days. Cecal contents
of Ace2 overexpressing male mice (Ace2KI) and their
controls (WT) (n =10 and 12, respectively) were collected
Pooled cecal contents of each mouse strain(~0.4 g/animal),
was mixed and suspended in sterile phosphate-buffered
saline (PBS) at the ratio of 1 g of cecal content/2 ml of PBS.
Following centrifugation to remove insoluble debris, the
supernatant (150 ul) was used for fecal transfer by oral
gavage three times every other day. Following microbiota
reconstitution, mice were exposed to either hypoxia or
normoxia for 28 days to yield four groups of mice; WT mice
receiving WT FMT in normoxia (N) (n = 10) or hypoxia (H)
(n=11) and WT mice receiving Ace2 FMT in normoxia
(n=12) and hypoxia (n =13) (WT-WT-N, WT-WT-H, WT-
Ace2-N, WT-Ace2-H). These groups of male mice were
used to evaluate the gut-brain-lung axis by studying gut
pathology and gut microbiota, neuroinflammation, and
cardiopulmonary pathophysiology following 28 days of
chronic hypoxia exposure. The hypoxia protocol, heart
parameters, and tissue collection were all as previously
published.” GraphPad Prism 8.0 (La Jolla) software was
used to analyze data and for the graph generation. Com-
parisons among groups were assessed by two-way analysis
of variance (ANOVA) followed by Tukey's multiple com-
parison post-hoc test. Group data were expressed as
mean + SEM, and p < 0.05 was considered significant.

3 | RESULTS AND DISCUSSION

We have previously demonstrated that WT-WT-H mice
show increased right ventricular systolic pressure (RVSP,
175% p<0.001), RV end-diastolic pressure (158%,

p=0.03), and RV: left ventricular + septum ratio (135%,
p =0.0002) compared with WT-WT-N group. While there
was no difference in RVSP between WT-WT-N and WT-
Ace2-N, the hypoxia-induced increase in RVSP was
ameliorated in WT-Ace2-H group,” we show that in-
creased pulmonary vessel medial wall thickness was also
attenuated (Figure 1a) indicating that Ace2KI-FMT
was sufficient to attenuate pulmonary pathophysiology.
Hypoxia decreased colonic Ace2 mRNA in WT-WT
mice (WT-WT-N: 1.0+0.11; WT-WT-H: 0.3 +0.095,
p =0.0021). As expected, Ace2 mRNA in WT-Ace2-N was
2.5-fold that of WT-WT-N mice and reduced by hypoxia,
but remained higher during hypoxia than WT-WT-N
(Figure 1b).

Next, we compared gut microbiota in FMT animals
following hypoxia. Network analysis revealed some se-
paration of bacterial genera when WT-WT mice were
subjected to hypoxia (red vs. blue circles, Figure 1c), but
little separation when WT-Ace2 were compared (yellow
vs. pink circles); the major separation of bacterial genera
was due to WT versus Ace2 FMT (Figure 1c). o diversity
scores (Chao richness, Shannon diversity, and Observed
species) were greater in WT-Ace2 than WT-WT mice
(Figure 1d). Hypoxia decreased Chao and Observed
Species a diversities in WT-WT mice but had no sig-
nificant effect on any of the three a diversity counts in
WT-Ace2 group. We observed a significant decrease in
Bacteroidetes and increase in Firmicutes with Ace2-FMT
(Figure 1d). The most pronounced differences were ob-
served in short-chain fatty acid (SCFA)-producing bac-
teria. Odoribacter, Lachnospiraceae, and Ruminococcus
(Figure 1d) were increased in WT-Ace2-recipient mice
compared to WT-WT, and except Odoribacter that in-
creased with hypoxia in the WT-Ace2 mice, not altered
by hypoxia in either group. The increases in SCFA-
producing bacteria are particularly interesting since in-
creased butyrate has been associated with attenuations of
lung and gut inflammation, neuroinflammation, and
microglia activation. These observations suggest that
FMT from Ace2KI mice significantly alters overall and
specific gut microbial communities in WT recipients.

Mucus production by goblet cells, gut immune pro-
tection, and tight junctions (TJ) between epithelial cells
promote healthy intestinal barrier function. Impaired
intestinal barrier function and gut leakiness have been
associated with increased infiltration of bacterial pro-
ducts into host circulation leading to a pro-inflammatory
state inducing the release of pro-inflammatory cyto-
kines.” Our observations also support this view. Evalua-
tion of gut histology identified pronounced hypoxia-
induced gut pathology, including shortened willi,
thickened muscular layer, and decreased goblet cells/
villus in WT-WT-H but not in WT-Ace2-H mice
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FIGURE 1 (See caption on next page)
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(Figure le). FMT from Ace2KI mice led to increased
expression of TJ proteins claudin-4 and claudin-5, and
abolished the decrease in Tjpl induced by hypoxia (WT-
WT-N: 1.03+0.07; WT-WT-H: 0.46 + 0.8*; WT-Ace2-N:
0.95 + 0.08; WT-Ace2-H: 0.06; *p < 0.001), likely enhan-
cing protection against hypoxia-induced gut and systemic
problems (data not shown), and reinforcing the potency
of FMT from Ace2KI mice alone to influence the gut and
consequently pulmonary pathophysiology.

We have shown that animal models of PH exhibit
increased microglial cells and neuroinflammation in
autonomic brain regions, particularly the hypothalamic
paraventricular nucleus (PVN)."”%” In this study, hy-
poxia increased PVN Iba+ microglia in WT-WT-H group,
which positively correlated with RVSP (R =0.4764;
p =0.0063), indicating a correlation of increased micro-
glia in the PVN and severity of PH. Ace2 FMT was
sufficient to prevent their increase during hypoxia (WT-
WT-N: 23.3+4.8; WT-WT-H: 37 +4.2*%;, WT-Ace2-N:
17.8 +4.3; WT-Ace2-H: 18.8 +1.8; *p < 0.05 again corre-
lating with RVSP (Figure 1f). The absence of microglia
activation in WT-Ace2 exposed to hypoxia might be
connected to decreased gut leakiness and consequently,
decrease of bacteria-induced pro-inflammatory cyto-
kines. Another possibility might be the protective effect
of butyrate against neuroinflammation.

A recent study from Muller et al. revealed that the
enteric associated neurons act as a core sensory system,
whereby alterations in microbial composition can acti-
vate gut-projecting neurons. More specifically, SCFA and
other gut-related metabolites were identified as physio-
logical modulators of gut sympathetic neuronal activa-
tion.® This is specially compelling, since we have

previously demonstrated a pronounced increase in gut-
PVN connection in PH animals, where retrograde tracing
green fluorescent protein-pseudorabies virus applied in
the gut, leads to a substantial increase in neurons labeled
in the PVN of PH animals compared to controls.” Sym-
pathetic activity is increased in PH in humans and ani-
mal models. This, indicates an increased activation of
this neuronal pathway in PH animals, that if attenuated
by SCFA, may contribute to the protection observed in
WT-Ace2 groups. The protection induced by SCFA
should be evaluated in future studies, nonetheless, these
findings support the paradigm-changing concept that
considers PH a systemic disease with important input
from gut-brain-lung axis communication.

Together, these observations show that (1) Ace2KI
mice exhibit gut microbial communities that benefit gut
health; (2) FMT from Ace2KI mice increases colonic
Ace2, ameliorates gut pathology, rebalances the bacterial
community, attenuates increases in PVN microglia, and
protects WT mice from hypoxia-induced cardio-
pulmonary pathophysiology. Our study reinforces the
beneficial role of ACE2 in gut-brain-lung axis and car-
diopulmonary pathophysiology. Importantly, we de-
monstrated the novel concept that the benefits of Ace2
overexpression are transferable through FMT in the
context of PH. This highlights its potential clinical re-
levance for PH management by FMT from healthy
subjects. Additionally, consumption of probiotics over-
expressing ACE2 is possible and is being explored. We
have shown that overexpression of Lactobacilli Ace2 in-
creases plasma Ace2 and improves diabetic retinopathy’
and cardiac hypertrophy in monocrotaline-induced PH
(unpublished data). In conclusion, this study rationalizes

FIGURE 1

Fecal rransplantation from ACE2 overexpressing mice counteracts effects of chronic hypoxia: Mice were exposed to either

hypoxia or normoxia for 28 days to yield four groups of mice; wild type (WT) mice receiving WT fecal matter transfer (FMT) in normoxia (N)
(WT-WT-N: n =10) or hypoxia (H) (WT-WT-H: n=11) and WT mice receiving ACE2 FMT in normoxia (WT-ACE2-N: n = 12) and hypoxia
(WT-ACE2-H: n = 13). (a) Smooth muscle a actin staining of pulmonary blood vessels. Representative micrographs of muscular pulmonary
arteries stained with a-smooth muscle actin (SMA) antibody (1:600; Sigma-Aldrich) (scale bar = 20 pum) for analysis of medial wall thickness of
muscularized pulmonary vessels, as described before (2). Data are presented as percent of the wall thickness of the total vessel diameter

(n =4-5/group). (b) Ace2 mRNA expression in colon: quantitative polymerase chain reaction was used to measure Ace2 mRNA in the colon by
the relative gene expression method (2 — AAC,) normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (GAPDH expression
was not altered by hypoxia or ACE2-FMT). Data are fold-change relative to WT-WT-N. (c) Network analysis of the gut microbiomes of WT-WT
and WT-ACE2 recipients following hypoxia or normoxia. The variable regions V4-V5 of 16S ribosome DNA gene were sequenced on Miseq and
assigned to bacterial operational taxonomic units (OTU) and (d) « diversity measures of gut microbiome, as previously described (5). (e) Gut
histological analysis. Hematoxylin and eosin staining of jejunum, 5 um sections showing decreased villus length (scale bar = 100 um) and
increased thickness of muscular layer (scale bar = 20 um) and Masson's trichrome (scale bar = 20 um) revealing decreased goblet cells in the
villi, following hypoxia in WT-WT mice and the overall improvement of these gut pathologies by ACE2-FMT. Staining and quantification were
previously described (2). (f) WT-ACE2 FMT prevented the hypoxia-induced increase in activated microglia in the paraventricular nucleus of
the hypothalamus (PVN). Representative 20X confocal microscope images of Ibal staining of microglia in the PVN. 3V, third ventricle (scale
bar = 100 um). Total number of Ibal positive cells were quantified in 300 um? in the PVN and the number of microglia in the PVN of each
animal was correlated against its respective right ventricular systolic pressure (RVSP). Methods used were previously described (6). p value of
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 was considered significant.
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testing strategies involving gut microbiota and ACE2 for
PH treatment.
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