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ORIGINAL RESEARCH

Bone Marrow-Derived Cells Restore Functional 
Integrity of the Gut Epithelial and Vascular Barriers 
in a Model of Diabetes and ACE2 Deficiency
Yaqian Duan,* Ram Prasad,* Dongni Feng, Eleni Beli, Sergio Li Calzi, Ana Leda F. Longhini, Regina Lamendella,  
Jason L. Floyd, Mariana Dupont, Sunil K. Noothi, Gopalkrishna Sreejit, Baskaran Athmanathan, Justin Wright,  
Amanda R. Jensen, Gavin Y. Oudit, Troy A. Markel, Prabhakara R. Nagareddy, Alexander G. Obukhov, Maria B. Grant 

RATIONALE: There is incomplete knowledge of the impact of bone marrow cells on the gut microbiome and gut barrier function.

OBJECTIVE: We postulated that diabetes mellitus and systemic ACE2 (angiotensin-converting enzyme 2) deficiency would 
synergize to adversely impact both the microbiome and gut barrier function.

METHODS AND RESULTS: Bacterial 16S rRNA sequencing and metatranscriptomic analysis were performed on fecal samples 
from wild-type, ACE2−/y, Akita (type 1 diabetes mellitus), and ACE2−/y-Akita mice. Gut barrier integrity was assessed by 
immunofluorescence, and bone marrow cell extravasation into the small intestine was evaluated by flow cytometry. In the 
ACE2−/y-Akita or Akita mice, the disrupted barrier was associated with reduced levels of myeloid angiogenic cells, but no 
increase in inflammatory monocytes was observed within the gut parenchyma. Genomic and metatranscriptomic analysis 
of the microbiome of ACE2−/y-Akita mice demonstrated a marked increase in peptidoglycan-producing bacteria. When 
compared with control cohorts treated with saline, intraperitoneal administration of myeloid angiogenic cells significantly 
decreased the microbiome gene expression associated with peptidoglycan biosynthesis and restored epithelial and 
endothelial gut barrier integrity. Also indicative of diabetic gut barrier dysfunction, increased levels of peptidoglycan and 
FABP-2 (intestinal fatty acid-binding protein 2) were observed in plasma of human subjects with type 1 diabetes mellitus 
(n=21) and type 2 diabetes mellitus (n=23) compared with nondiabetic controls (n=23). Using human retinal endothelial 
cells, we determined that peptidoglycan activates a noncanonical TLR-2 (Toll-like receptor 2) associated MyD88 (myeloid 
differentiation primary response protein 88)-ARNO (ADP-ribosylation factor nucleotide-binding site opener)-ARF6 (ADP-
ribosylation factor 6) signaling cascade, resulting in destabilization of p120-catenin and internalization of VE-cadherin as a 
mechanism of deleterious impact of peptidoglycan on the endothelium.

CONCLUSIONS: We demonstrate for the first time that the defect in gut barrier function and dysbiosis in ACE2−/y-Akita mice 
can be favorably impacted by exogenous administration of myeloid angiogenic cells.

VISUAL OVERVIEW: An online visual overview is available for this article.
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The gut microbiome is increasingly becoming a major 
focal point for many inflammatory diseases because of 
its ability to regulate hematopoiesis and thus systemic 

inflammation. We previously demonstrated that modula-
tion of the gut microbiome has long-lasting impact on dia-
betic retinopathy, a microvascular complication of diabetes 
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mellitus,1 by demonstrating that intermittent fasting in a 
mouse model of type 2 diabetes mellitus (T2D) increased 
levels of critical microbes that generated beneficial sec-
ondary bile acids, which were neuroprotective to the retina.

An imbalance of the renin-angiotensin system2–9 has 
been implicated in the pathogenesis of vascular dysfunc-
tion. Reduction in the vasoprotective ACE2 (angiotensin-
converting enzyme 2) results in loss of the vasoreparative 
functions of bone marrow (BM) cells,10–12 thereby exacer-
bating various vascular complications, including diabetic 

Nonstandard Abbreviations and Acronyms

ACE2	 angiotensin-converting enzyme 2
ARF	 ADP-ribosylation factor 6
ARNO	� ADP-ribosylation factor nucleotide-bind-

ing site opener
BM	 bone marrow
ECFCs	 endothelial colony-forming cells
FABP-2	 intestinal fatty acid-binding protein 2
GVB	 gut vascular barrier
HRECs	 human retinal endothelial cells
IL	 interleukin
MACs	 myeloid angiogenic cells
MyD88	� myeloid differentiation primary response 

protein 88
NK	 natural killer
OTU	 operational taxonomic unit

Novelty and Significance

What Is Known?
•	 The gut microbiome can impact the pathogenesis of 

diabetes mellitus and its vascular complications.
•	 Diabetic vascular complications are associated with an 

imbalance in the renin-angiotensin system.
•	 Loss of ACE2 (angiotensin-converting enzyme 2) has 

a dramatic effect on hematopoiesis and intensifies 
the diabetes mellitus associated defect by reduced 
myeloid angiogenic cells (MACs) numbers and increas-
ing myelopoiesis.

•	 Bone marrow changes precede the development of 
diabetic vascular complications.

•	 Microbial peptides can cause vascular damage.

What New Information Does This Article  
Contribute?
•	 In type 1 diabetic (Akita) mice, ACE2 deficiency pro-

motes disruption of gut barrier integrity and results in 
the leakage of bacterial products into the circulation.

•	 Within the gut parenchyma, ACE2 deficient diabetic 
mice displayed reduced numbers of MACs without a 
concomitant increase in inflammatory monocytes.

•	 Exogenous administration of MACs restored both gut 
epithelial and vascular barriers and beneficially altered 
the microbiome by decreasing genes associated with 
peptidoglycan biosynthesis.

•	 In cultured endothelial cells, stimulation of TLR-2 (Toll-
like receptor 2) failed to mediate NLRP3 inflamma-
some activation, and instead triggered noncanonical 
signaling by MyD88 (myeloid differentiation primary 
response protein 88)-ARNO (ADP-ribosylation factor 

nucleotide-binding site opener)-ARF6 (ADP-ribosyl-
ation factor 6), resulting in p120-catenin-mediated 
destabilization of adherens junctions and VE-cadherin 
internalization, increasing endothelial permeability.

In a mouse model of type 1 diabetes mellitus, ACE2 
deficiency-induced defects in the gut barrier were not 
associated with increased inflammatory cells in the 
small intestine or with inflammasome activation of the 
vasculature. Rather, these defects in the gut barrier 
were associated with loss of the protective functions 
of MACs, a critical reparative bone marrow-derived 
population. In many disease processes that affect the 
gastrointestinal tract, including diabetes mellitus, the 
clinical emphasis has been on reducing inflammation; 
however, our findings suggest the need to assess 
changes in vascular reparative cells, such as MACs. In 
clinical trials that utilized MACs (typically CD34+ cells 
in humans) for treatment of vascular dysfunction, the 
observed beneficial effect may have been due, in part, 
to the restoration of the gut barrier, beneficial changes 
in the gut microbiome, and reduced levels of toxic 
gut-derived peptides in the systemic circulation. This 
work provides rationale for directing future attention 
to changes in the gut barrier as an end point in clini-
cal trials utilizing bone marrow populations. Such mea-
surements can be easily evaluated by quantification of 
gut-derived peptides, such as peptidoglycan, or tight 
junction proteins, such as zonulin and FABP-2 (intesti-
nal fatty acid-binding protein) in the serum before and 
after stem/progenitor cell administration.

PV-1	� plasmalemma vesicle-associated 
protein-1

SI	 small intestine
T1D	 type 1 diabetes mellitus
T2D	 type 2 diabetes mellitus
TLR-2	 Toll-like receptor 2
VEGF	 vascular endothelial growth factor
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retinopathy11,13,14 Previously, we demonstrated that loss 
of ACE2 in the diabetic BM (ACE2−/y-Akita mice) inten-
sified the diabetic defect increasing myelopoiesis and 
the severity of diabetic retinopathy.15

BM cells, such as inflammatory monocytes, are known 
to migrate to the gut and impact gut function. In turn, the 
gut microbiota acts reciprocally to extrinsically regulate 
hematopoiesis.16 Even very low levels of microbial anti-
gens have the potential to set the size of the BM myeloid 
cell pool, which correlates strongly with the complexity 
of the intestinal microbiota.17,18 Thus, recruitment of BM-
derived immune cells to the gut plays a vital role in medi-
ating and resolving inflammation.17,19–21

A subpopulation of BM-derived cells acts as a backup 
system for maintaining vascular homeostasis. This vascular 
reparative population was originally named endothelial pro-
genitor cells due to their impact of endothelial health, but 
critical in vivo studies found that these cells did not directly 
differentiate into endothelial cells but rather provided their 
benefit strictly by paracrine secretion of growth factors and 
cytokines.22–24 Based on this finding, they were renamed cir-
culating angiogenic cells, and most recently, a consensus arti-
cle regarding their nomenclature and phenotype called them 
myeloid angiogenic cells (MACs).24 Despite discrepancies in 
nomenclature and phenotypic surface markers, human stud-
ies support an inverse correlation between the number of 
BM-derived vascular reparative cells and presence of ath-
erosclerosis, adverse cardiovascular risk score, cardiovascu-
lar dysfunction, cardiovascular morbidity and mortality, and 
diabetic complications.24–35 In addition to reduced numbers 
of MACs, the functional properties of these cells, such as 
cell adherence, migration, and tissue invasion, also seem to 
be attenuated in individuals with cardiovascular disease or 
diabetes mellitus. We demonstrated that loss of ACE2 in the 
diabetic BM (ACE2−/y-Akita mice) reduced MAC number 
and function.15 However, little is known about the role of BM 
derived-vascular reparative cells, such as MACs, on gut vas-
culature and gut barrier function.

We hypothesized that exogenous administration of 
MACs could provide trophic support to the gut epithelium 
and the gut vascular barrier (GVB), restoring the integrity 
of these 2 barriers and preventing leakage of harmful gut 
microbial peptides into the systemic circulation. We found 
that MAC treatment not only restored the GVB and gut 
epithelial barrier but beneficially impacted gut dysbiosis.

METHODS
Detailed methods are available in the Online Data Supplement 
section. The data, analytical methods, and other study materials 
will be provided upon reasonable request to the corresponding 
author.

Study Design
The objective of our study was to examine how the combined 
effects of type 1 diabetes mellitus (T1D) and ACE2 deficiency 

impact gut barrier function and the gut microbiome. Fecal sam-
ples, blood, and small intestine (SI) were obtained from Akita and 
ACE2−/y-Akita mice at 9 months of diabetes mellitus as well as 
age- and gender-matched wild-type (WT) and ACE2−/y mice to 
study microbiota composition and gut barrier function. Following 
the characterization of the cell populations that were altered by 
the presence of T1D and ACE2 deficiency within the intestine, 
we corrected these deficiencies by exogenous replacement of 
cells obtained from WT mice and then assessed the impact of 
cell administration on gut barrier function and the microbiome. In 
vitro experiments were performed to examine the mechanisms 
of endothelial activation by microbial peptides such as peptido-
glycan released from the gut into the circulation.

Animals
WT (genotype: ACE2+/y-Ins2WT/WT), Akita (genotype: ACE2+/y-
Ins2WT/C96Y), ACE2 knockout (ACE2–/y; genotype: ACE2–/y-Ins2WT/

WT), and ACE2–/y-Akita (genotype: ACE2–/y-Ins2WT/C96Y) mice were 
utilized for these studies. The ACE2−/y mouse strain was originally 
obtained from Dr Gavin Oudit (University of Alberta, Canada).13 
The Ins2WT/C96Y mouse strain was purchased from the Jackson 
Laboratory (Bar Harbor, ME). All mice were on a C57BL/6 
genetic background. The Akita strain is a monogenic model for 
phenotypes associated with T1D. Heterozygous Ins2Akita mice 
(Ins2WT/C96Y) develop insulin-dependent diabetes mellitus, includ-
ing hyperglycemia, hypoinsulinemia, polydipsia, and polyuria by 3 
to 4 weeks of age. The phenotype is more severe in males than in 
females. Therefore, only age-matched male mice were used in this 
study and were not assigned randomly but rather assigned based 
on genotype. To generate the ACE2−/y-Akita (ACE2−/y/Ins2WT/C96Y) 
male mice, female heterozygous ACE2−/+ mice were bred with 
male heterozygous Ins2WT/C96Y mice at Indiana University School of 
Medicine (IACUC no. 11165) and University of Alabama (IACUC 
no. 21196). The metabolic phenotype of the WT, Akita, ACE2–/y, 
and ACE2–/y-Akita mice has been previously published.15 For each 
experiment, mice from each cohort had a metabolic evaluation 
(fasting blood glucose and glycated hemoglobin) to confirm that 
the WT & ACE2–/y were euglycemic and that the diabetic Akita & 
ACE2–/y-Akita cohorts had a similar degree of diabetes mellitus 
(glucose intolerance). Only healthy-appearing mice were used for 
this study and any mouse that exhibited evidence of illness, such 
as excessive wasting or lethargy, was excluded.

Experimental mice were housed in closed cages (up to 5 mice 
per cage) under a 12-hour/12-hour light-dark cycle. Cages were 
not stacked to prevent fecal contamination. A polymerase chain 
reaction (PCR) approach was used to identify the ACE2−/y and 
heterozygous Akita mice by using mouse tissue obtained dur-
ing ear biopsies. The following primers were used: ACE2 gene 
genotyping: forward—CCG GCT GCT CTT TGA GAG GAC A and 
reverse—CTT CAT TGG CTC CGT TTC TTA GC; ACE2−/y mouse 
genotyping: forward—CCG GCT GCT CTT TGA GAG GAC A and 
reverse—CCA GCT CAT TCC TCC CAC TC; Akita mouse geno-
typing: forward—TGC TGA TGC CCT GGC CTG CT and reverse—
TGG TCC CAC ATA TGC ACA TG. For Akita mice genotyping, 
restriction digestion was performed using Fnu4HI after PCR.

16S rRNA Gene Sequencing
The stool samples were obtained while holding the mice in the 
air and collected directly into sterile DNA/RNA free Eppendorf 
tubes (1.5 mL) to minimize any contamination. Immediately 
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after collection of fecal samples, tubes were tightly closed, 
sealed with paraffin, frozen within 10 minutes at −80°C, and 
stored in a −80°C freezer. These frozen fecal samples were 
shipped to Wright Labs, LLC, for the 16S rRNA sequencing 
(V3–V4 region) and metatranscriptomic analysis. Genomic 
DNA was extracted (≈0.25 µg per sample) using a MoBio 
Powerfecal DNA Isolation kit following the manufacturer’s 
instructions (MoBio Carlsbad, CA). The Disruptor Genie cell 
disruptor (Scientific Industries, Bohemia, NY) was used to vor-
tex the samples. The isolated genomic DNA was then eluted 
in 50 μL of 10 mmol/L Tris and quantified using the Qubit 
2.0 (Invitrogen) Fluorometer according to the protocol of the 
dsDNA high-sensitivity option. PCR was performed using 10 
ng of template DNA at a total volume of 25 μL per reaction. 
After PCR amplification, the products were then purified using 
the Qiagen Gel Purification Kit (Qiagen, Frederick, MD). After 
quality check using the 2100 Bioanalyzer DNA 1000 chip 
(Agilent Technologies, Santa Clara, CA), pooled libraries were 
then shipped to California State University (North Ridge, CA) for 
sequencing. After quantification using the Qubit High Sensitivity 
dsDNA kit (Life Technologies, Carlsbad, CA) and dilution, pooled 
libraries were loaded on an Illumina MiSeq V2 500 cycle kit cas-
sette with 16S rRNA library sequencing primers and set for 250 
base pair, paired-end reads. Raw sequence data were success-
fully obtained; paired-end sequences were trimmed at a length 
of 250 bp, and quality control was set as an expected error of 
<0.005 by USEARCH V7. Reads were then analyzed by the 
QIIME 1.9.0 software. The USEARCH61 algorithm was used to 
identify chimeric sequences and to pick open reference opera-
tional taxonomic units (OTUs). Taxonomy was assigned using 
the Greengenes 16S rRNA gene database (13–5 release, 
97%) and organized into a BIOM formatted OTU table, which 
was summarized within QIIME 1.9.0. Singletons and doubletons 
were removed from the dataset before the initiation of any diver-
sity analysis.36 The full report and statistical analysis from Wright 
Labs, Huntingdon, PA, is available upon request.

α-Diversity Analysis
The plots of α-diversity were generated within the QIIME-
1.9.0 sequence analysis package using multiple rarefactions 
to a maximum sequencing depth of 27 000 sequences per 
sample at a step size of 2700 with 20 iterations at each step. 
α-diversity plots were generated using the observed species 
richness metric.

β-Diversity Analysis
ANOSIM significance tests and principal coordinates analysis 
plots were generated from a weighted UniFrac distance matrix 
from a CSS (cumulative sum scaling) normalized OTU table 
within QIIME 1.9.0. The data were then uploaded to the online 
analysis tool METAGENassist for PLS-DA (partial least squares-
discriminant analysis) analysis. Principal coordinates analysis 
was conducted for the 16S rRNA data set (fecal samples).

Taxonomic Comparisons
BIOM formatted OTU table was used to organize assigned tax-
onomy. To identify the abundance of prevalent phyla, facet grid 
bar plots were generated within Rstudio using the Phyloseq 
package.

LefSe Analysis
Relative abundances of taxa were multiplied by 1 million and 
formatted as described before.37 Comparisons were made 
with sample type as the main categorical variable (class). α 
levels of 0.05 were used for both the Kruskal-Wallis and pair-
wise Wilcoxon tests. Linear discriminant analysis scores >3.0 
are displayed.

Metatranscriptomic Analysis of Fecal Samples
Fecal samples (n=39) underwent MoBio (Qiagen, CA) RNA 
extraction. Subsequent Nugen Ovation (Nugen, CA) tran-
scriptome library was prepared for all fecal samples, and the 
quality of the library was checked using a high-sensitivity bio-
analyzer chip (Agilent, CA). Then, the library was purified using 
the QIAquick gel purification kit (Qiagen, CA) after equimolar 
amounts were pooled. After purification, libraries underwent 
sequencing on the Illumina HiSeq4000 following a 2×150 
index run. Quality assessment of the raw sequencing data 
was performed using the program FastQC. A sliding window 
filtration within the program trimmomatic was used to filter the 
sequence data; then human DNA reads were also removed 
from the filtered sequence data. The metatranscriptome analy-
sis tool metaphlan was implemented to quantify the taxonomic 
profile within each sample. To obtain functional gene profiles, fil-
tered data were annotated using the Uniref90 database within 
Humann2. Uniref90 annotations were regrouped as KEGG 
(Kyoto Encyclopedia of Genes and Genomes) orthology terms, 
which consequently underwent counts per million normaliza-
tion within Humann2 for stratified barplot analysis and LefSe 
enrichment plots. Functional count data were also uploaded to 
the online analysis tool METAGENassist for PLS-DA analysis.

Flow Cytometry Analysis
Isolated cells were incubated with rat anti-mouse CD16/CD32 
(eBioscience, San Diego, CA) for 15 minutes at 4°C. The cells 
were then incubated with primary antibody cocktails for 30 min-
utes at 4°C in the dark (for myeloid angiogenic cells, Alexa700 
anti-mouse CD45, Catalog no. 560510, BD Biosciences, San 
Jose, CA; BV650 anti-mouse Flk-1, Catalog no. 740539, BD 
Biosciences; PerCP-eFluor710 anti-mouse CD31, Catalog 
no. 46-0311-82, eBioscience). Immune cells and monocytes 
were identified after staining with the following antibodies: 
PerCPCy5.5 anti-mouse natural killer (NK) 1.1, Catalog no. 
551114, BD Biosciences; BV500 anti-mouse CD3, Catalog 
no. 560771, BD Biosciences; PE/Cy7 anti-mouse CD11c, 
Catalog no. 558079, BD Biosciences; PE anti-mouse Ly6G, 
Catalog no. 551461, BD Biosciences; BV421 anti-mouse 
CD115, Catalog no. 135513, Biolegend, San Diego, CA; fluo-
rescein isothiocyanate anti-mouse Ly6C, Catalog no. 128006, 
Biolegend). After washing, the cells were then stained with 
flexible viability dye eFluor 780 (Catalog no. 65-0865-18, 
eBioscience) for 30 minutes at 4°C, washed with PBS twice, 
then fixed with 1% paraformaldehyde for flow cytometry.

BM-Derived CD45+CD31+Flk-1+ Cell Sorting 
and Injection
BM of C57/BL/6 mice (n=15) was collected, pooled, and 
stained with antibodies against CD45-APC, Flk-1-PerCPCy5.5, 
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and CD31-BV421 (BD Biosciences, CA). Triple positive cells 
were sorted using BD FACSAria IIu and frozen in 30% fetal 
bovine serum supplemented with 10% dimethyl sulfoxide 
(DMSO) at a cell density of 4×105 cells/mL. Fifty thousand BM 
CD45+CD31+Flk-1+ cells in 200 μL PBS were delivered every 
other day for 6 days via intraperitoneal injection into mice from 
each of the 4 cohorts. Mice from each of the 4 cohorts were 
injected with 200 μL PBS and were considered experimental 
control groups. Then, mice were euthanized for tissue harvesting 
7 days following the first intraperitoneal injection of stem cells.

Human Retinal Endothelial Cell Culture and 
Treatment Conditions
Human retinal endothelial cells (HRECs) were obtained from 
Cell Systems (Kirkland, WA). HRECs were cultured and main-
tained in classic cell culture medium (Cell Systems) supple-
mented with 10% fetal bovine serum and 2% animal-derived 
growth factors at 37°C in a 95% humidified incubator with 5% 
CO2. Only low-passage HRECs (<6–9 passages) were used 
in the described experiments. Approximately 50 000 cells/well 
were seeded onto the chambered slides and allowed to grow in 
culture until reaching 80% to 90% confluence. TLR-2 (Toll-like 
receptor 2), MyD88 (myeloid differentiation primary response 
protein 88), ARNO (ADP-ribosylation factor nucleotide-binding 
site opener), ARF6 (ADP-ribosylation factor 6), and p120-
catenin staining was preformed when the cells reached 100% 
confluence. Purified peptidoglycan from Staphylococcus aureus 
(No. 77140, Sigma-Aldrich, St Louis, MO) and NAV2729, an 
inhibitor of ARF6 (No. 5986, Tocris Bio-Techne Corporation, 
Minneapolis, MN), were used to determine the role of peptido-
glycan on vascular permeability. HRECs were treated with pep-
tidoglycan in a dose-dependent manner (40 and 100 µg/mL) 
for 24 hours. In select experiments, HRECs were pretreated 
with NAV2729 (10 µmol/L) for 1 hour followed by peptidogly-
can treatment for 24 hours. The peptidoglycan and NAV2729 
were dissolved in DMSO before adding to the culture medium. 
The final concentration of DMSO in the culture medium did not 
exceed 0.1% (v/v), and an equivalent amount of DMSO was 
added to the culture media of control (untreated) groups.

Data Analysis and Statistics
Power calculation was performed to estimate sample size 
required to demonstrate a significant reduction in either endo-
thelial or epithelial gut permeability in the Akita and ACE2−/y-
Akita mice compared with WT. We estimated that a minimum of 
6 mice would be necessary to demonstrate a statistically sig-
nificant difference in immunohistochemistry staining intensity 
with a power of 80% and an error α of 5% (2 sided) assuming 
a change of 50% in the expression of the immunohistochemis-
try markers of leakage in the Akita and ACE2−/y-Akita cohorts 
compared with WT. Due to the diabetic condition, we observed 
50% to 60% mortality in Akita and ACE2−/y-Akita mice, which 
reduced the n number of samples to 3 at some end points.

Data were evaluated for normal distribution using GraphPad 
Prism, version 8.1 software. For multigroup comparisons of 
normally distributed data, 1-way ANOVA was performed fol-
lowed by an appropriate post hoc t test. Student t test was used 
for comparison among 2 groups. Multiple testing was done 
only within tests but not across all tests. The nonparametric 

Kruskal-Wallis and pairwise Wilcoxon tests were used for 
microbiota LefSe enrichment analysis. The data sets were 
considered significantly different if the P was <0.05. Box and 
whiskers plots are shown for each data set. Multiple permuta-
tions (1000) were conducted for ANOSIM and PERMANOVA 
analysis of β-diversity clustering between cohorts, as well as all 
α-diversity pairwise comparisons.

RESULTS
Loss of ACE2 Alters the Microbiota 
Composition and the Functional Profile in 
Diabetic Mice
To investigate whether ACE2 deficiency affects the com-
position of the gut microbiota in diabetes mellitus, fecal 
samples from ACE2−/y-Akita and Akita mice at 9-month 
of diabetes mellitus, as well as their age-matched controls 
(ACE2−/y and WT mice), were collected and examined by 
16S rRNA gene sequencing. α-diversity (an indicator of 
species richness), the number of different species in a 
sample, or the number of distinguishable taxa (OTU’s) 
in each sample, revealed a significant increase in WT 
mice when compared with ACE2−/y (P=0.036) and Akita 
(P=0.006) mice (Figure 1A). Differences in α-diversity 
between WT and ACE2−/y-Akita mice were not statisti-
cally significant. ACE2−/y-Akita mice were found to yield 
a significantly increased mean observed species mea-
sure when compared with Akita mice (P=0.030).

β-diversity was used to measure the phylogenetic 
distance between the bacterial community in each sam-
ple (Figure 1B through 1D). In Figure 1B through 1D, 
principal coordinates analysis for the 16S rRNA data 
set is shown. Each point on the plot is indicative of the 
entire bacterial community within a sample. Samples that 
are closer together share similar microbial community 
makeup, whereas samples that are further apart are less 
similar. We observed that each genotype exhibited a dis-
tinct clustering of bacterial taxa in the fecal samples col-
lected, suggesting both ACE2 deficiency and diabetes 
mellitus lead to an alteration of the gut microbiota com-
position. The principal coordinates analysis demonstrates 
significantly differential clustering between genotypes 
when considering the ANOSIM (P=0.002) and PER-
MANOVA (P=0.001) test statistics.

Figure 1E shows a heat map of bacterial counts per 
million normalized to counts of Metaphlan, producing esti-
mated taxonomic read hits and generating a visualized 
difference in prominent taxa among different groups. A 
LefSe plot was then generated to display enriched func-
tional gene pathways (MetaCyc) expressed within each 
respective genotype cohort (Figure 1F). Interestingly, the 
ACE2−/y-Akita cohort appeared to have the most defined 
functional expression profile. When compared with Akita 
mice, 2 major functional pathways found in the ACE2−/y-
Akita mice were involved in peptidoglycan biosynthesis 
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Figure 1. ACE2−/y-Akita exhibited distinct microbiota and functional profiles and was enriched in peptidoglycan biosynthesis 
pathways in its fecal samples.  
A, α-diversity boxplots compared the observed species richness between microbiome samples from all 4 genotypes and revealed a significant 
decrease in ACE2−/y (P=0.036) and Akita (P=0.006) mice compared with wild type (WT); however, the ACE2−/y-Akita cohort was not significantly 
different from WT (n=4). B–D, Two-dimensional principal coordinates analysis (PCoA) plots of weighted UniFrac distancs reveal significantly 
differential phylogenetic community compositions within each genotype (anosim P=0.002) and PERMANOVA (P=0.001; n=9 WT; 10 ACE2−/y; 
17 Akita; and 9 ACE2−/y-Akita). E, A heat map of counts per million (CPM) normalized counts of metaphlan displayed differential abundances 
of several prominent taxa (n=4). F, Increased functional pathways of peptidoglycan biosynthesis in ACE2−/y-Akita mice compared with Akita 
mice by LefSe plots (linear discriminant analysis score >2). G and H, Bifidobacterium animalis is the main bacterial taxa that are responsible for 
peptidoglycan (PGN) biosynthesis.
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(Figure 1G and 1H). The other 2 most abundant path-
ways were involved in the biosynthesis of L-lysine, a vital 
component of the amino acid chain of peptidoglycan 
(Online Figure IA and IB). Moreover, the loss of ACE2 
resulted in an enrichment of the pathway that mediates 
biosynthesis of the peptidoglycan precursor, UDP-N-
acetylmuramoyl pentapeptide (Online Figure IC). Inter-
estingly, when comparing WT and ACE2−/y samples, only 
2 functional gene pathways were found to be enriched 
within ACE2−/y samples (not displayed), whereas zero 
pathways were found to be significantly enriched within 
WT samples. Both starch degradation V and tetrapyrrole 
biosynthesis from glutamate metacyc pathways were 
significantly (linear discriminant analysis> 1.0, P=0.05) 
enriched within ACE2−/y samples when compared with 
WT (not displayed). When considering the difference 
between WT and Akita, we observed an increase in gene 
expression for S-adenosyl L-methionine cycle, L-lysine, 
L-threonine and L-methionine biosynthesis, and L-proline 
biosynthesis, whereas in the Akita there was a reduc-
tion in chorismate biosynthesis, L-arginine biosynthesis, 
aromatic amino acid biosynthesis, and dTDP L-rhamnose 
biosynthesis (Online Figure IIA). When considering the 
difference in functional gene expression between WT 
and ACE2−/y-Akita samples, 40 significantly enriched 
functional pathways were identified in ACE2−/y-Akita 
samples, whereas there were no pathways identified 
to be significantly enriched within WT samples (Online 
Figure IIB). Within the ACE2−/y-Akita, the enrichment of 
several L-lysine biosynthesis pathways is observed. We 
next asked which bacterial taxa contributed to pathways 
involved in peptidoglycan biosynthesis. Surprisingly and 
consistently, Bifidobacterium animalis is the dominant 
species and is responsible for all peptidoglycan-related 
pathways in the double mutant mice (Figure 1E and 1F).

Loss of ACE2 Exacerbates Diabetes Mellitus-
Mediated Disruption of the Gut Epithelial 
and Endothelial Barriers and Increases 
Peptidoglycan Translocation into the Circulation
Both the gut epithelial and endothelial barriers inhibit 
entry of microbial antigens into the bloodstream.38 We 
next examined the integrity of the gut barrier in mice pre-
senting with diabetes mellitus and ACE2 deficiency. The 
major expression site of ACE2 in the gut is the luminal 
surface of small intestinal epithelial cells, whereas lower 
ACE2 expression is observed in crypt cells and colon.39 
Therefore, for this study, we analyzed the gut barrier 
integrity in both the jejunum and ileum of the SI. Mor-
phological analysis of the SI (ileum) showed no change 
in villi length in Akita or ACE2−/y-Akita mice compared 
with their nondiabetic littermates (Figure  2A and 2B). 
However, ACE2−/y-Akita mice showed a reduction of 
crypt depth (Figure  2C), decreased mucin expression, 

as supported by a reduced number of goblet cells (Fig-
ure 2D), and reduced muscular thickness (Figure 2E).

PV-1 (plasmalemma vesicle-associated protein-1) 
is considered a marker of endothelial cell permeability 
in both the brain-blood barrier and GVB.38,40,41 In Fig-
ure  2F and 2G, we show that the expression of PV-1 
was increased 2.7-fold in the lamina propria layer of 
the SI of Akita mice when compared with age-matched 
controls. The loss of ACE2 further increased the expres-
sion of this permeability marker. To assess GVB integ-
rity, VE-cadherin was examined in the vasculature of the 
SI. Akita mice showed a significant decrease (≈40%) in 
VE-cadherin expression in the lamina propria layer of the 
SI when compared with nondiabetic groups (Figure 2H 
and 2I). ACE2 deficiency further exacerbated the diabe-
tes mellitus-mediated reduction of VE-cadherin (≈41%) 
as compared to Akita alone (Figure 2I). Collectively, this 
data suggests that ACE2 plays an essential role in the 
diabetes mellitus-mediated disruption of the GVB.

Impaired GVB and increased permeability provide an 
opportunity for gut microbial antigens to cross the gut 
barrier and cause deleterious systemic effects. As we 
found increased biosynthesis of the bacterial antigen 
peptidoglycan in the fecal bacteria of ACE2−/y-Akita 
mice, we next tested whether the disrupted GVB resulted 
in the translocation of peptidoglycan into the circulation. 
Consistent with the metatranscriptomic analysis, a nearly 
3-fold increase of plasma peptidoglycan levels was 
detected in the ACE2−/y-Akita mice when measured by 
ELISA (Figure 2J).

We next investigated whether peptidoglycan was 
similarly increased in diabetic individuals. Consistent with 
our findings in mice, plasma levels of peptidoglycan were 
increased (≈2-fold) in both T1D (P=0.0001) and T2D 
(P=0.0001) subjects when compared with nondiabetic 
controls (Figure 2K). Clinical data on the study subjects 
are included in Online Table I. Notably, FABP-2 (intestinal 
fatty acid-binding protein 2), a biomarker of gut epithe-
lium tight junction barrier integrity, reportedly upregu-
lated and released from the intestine in the presence of 
dysbiotic microbiota42,43 was also elevated in the plasma 
of diabetic subjects compared with controls (Figure 2L).

ACE2 Deficiency Affects the Infiltration of MACs 
but not Proinflammatory and Immune Cells Into 
the Gut
BM-derived cells migrate to the gut and impact its 
function.44,45 Thus, we evaluated whether the impaired 
integrity of the gut barrier in diabetic mice was asso-
ciated with changes in the number of infiltrating cells. 
Diabetes mellitus did not affect the percentages of 
T cells (CD45+CD3+NK1.1−; Figure  3A) or NK cells 
(CD45+NK1.1+CD3−; Figure 3B) in the SI. The presence 
of diabetes mellitus did not change the percentages 
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Figure 2. ACE2 (angiotensin-converting enzyme 2) deficiency worsened diabetes mellitus-induced disruption of the gut 
vascular barrier, causing the translocation of peptidoglycan (PGN) into the bloodstream.  
A, Representative H&E staining images of ileum from diabetic and nondiabetic mice. B–E, No change was observed in villi length (B) among 
all 4 different groups, while reduced crypt depth (n=5 wild type [WT], ACE2−/y, and Akita; 4 ACE2−/y-Akita). C, Reduced numbers of goblet cells 
(P=0.01 and P=0.02; n=5). D Reduced muscular thickness (P=0.03 and P=0.04; n=5) (E) were observed in the ACE2−/y-Akita mice (P=0.05) 
(n=5). F, Representative immunofluorescence images of permeability marker, PV-1 (plasmalemma vesicle-associated protein-1; green) staining. 
G, Quantitative data demonstrated that loss of ACE2 further increased the diabetes mellitus-induced elevation of PV-1 expression (Continued )
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of Ly6C+ monocytes (CD45+NK1.1−CD3−/Ly6G−/
CD115+CD11b+/Ly6C+; Figure  3C) or Ly6C- mono-
cytes (CD45+NK1.1−CD3−/Ly6G−/CD115+CD11b+/
Ly6C+; Figure 3D) in the gut.

To assess changes in vascular reparative cells, we 
examined MAC (CD45+CD31+Flk1+) levels in the BM 
(Figure 3E and 3G) and SI (Figure 3F and 3H) of all 4 
cohorts. Interestingly, MACs in the SI were decreased in 
ACE2−/y, Akita, and ACE2−/y-Akita mice, but no reduction 
in their levels was observed in the BM of these cohorts.

Administration of MACs Restores Gut Barrier 
Integrity
MACs represent a BM-derived population that have 
angiogenic potential, providing vascular repair by tro-
phic support to the resident vasculature. These cells do 
not directly incorporate into vessels but associate in the 
proximity of an injured area24 and release growth factors. 
We asked whether exogenous administration of MACs, 
CD45+ CD31+ Flk-1+ cells could restore the integrity of 
the diabetic gut epithelium and GVB and prevent bacterial 
entry into the circulation. For these studies, MAC admin-
istration was given via the intraperitoneal route which 
represents the safest route of administration reducing 
the risk of clumping and obstruction in the lung capil-
laries.46,47 MACs were isolated from the BM of healthy 
control (C57BL/6) mice, and 50 000 cells/mouse were 
injected 3 times every other day over 6 days into the 4 
cohorts (WT, ACE2−/y, Akita, and ACE2−/y-Akita).

To monitor the integrity of the gut barrier, we exam-
ined the levels of protein expression for ZO-1 (Zonula 
occludens-1), an epithelial tight junction protein, and p120-
catenin, a regulator of adherens junction stability, using 
immunohistochemistry. Decreased protein expression of 
ZO-1 has been associated with the loss of the epithelial 
barrier characteristics.48 Three treatments with MACs over 
the 6-day period markedly increased the protein expres-
sion level of ZO-1 (Figure 4A and 4B) in the ACE2−/y-Akita 
mice. p120-catenin was similarly increased in these mice 
subjected to MAC injections (Figure 4C and 4D).

We next determined whether MAC treatment affects 
the protein expression level of the endothelial perme-
ability marker, PV-1, in Akita and ACE2−/y-Akita mice. 
Consistent with our previous experiment, the PV-1 pro-
tein expression level was increased in the lamina pro-
pria layer in the both jejunum (Figure 5A and 5B) and 
ileum (Online Figure IIIA; Figure 5C) of saline-injected 
Akita and ACE2−/y-Akita mice compared with WT and 
ACE2−/y mice. Treatment with MACs (3 injections over 

a 1-week period) markedly reduced the expression 
of PV-1 in Akita and ACE2−/y-Akita mice (Figure  5A 
through 5C, Online Figure IIIA). MAC administration 
improved VE-cadherin expression in the blood ves-
sels of the lamina propria layer in both the jejunum 
(Figure  5D and 5E) and ileum (Online Figure IIIB; 
Figure 5F) in Akita and ACE2−/y-Akita mice, but signifi-
cance was not achieved.

YAP (Yes-associated protein), a transcription factor 
of VE-Cadherin, mediates VE-cadherin-associated sig-
naling and contributes to organizational modification 
of the adherens junctional complex and plays a role in 
vascular homeostasis. Loss of YAP results in less sta-
ble vessels and increased permeability.49–51 The levels 
of YAP expression were restored in ileum and jejunum 
in Akita and in ACE2−/y-Akita mice treated with MACs 
compared with PBS-treated Akita and ACE2−/y-Akita 
mice (Figure 6A through 6D). Consequently, plasma lev-
els of peptidoglycan were also reduced after MAC treat-
ment as compared to PBS controls in both Akita (≈66% 
reduction) and ACE2−/y-Akita cohorts (≈77% reduction; 
Figure 6E). Levels of zonulin were similarly reduced in 
the Akita and ACE2−/y-Akita cohorts receiving MACs 
(Figure  6F). Together, these results support that the 
administration of MACs restored the GVB.

MAC Administration Beneficially Alters the 
Microbiome of the ACE2−/y-Akita Mice
The microbiome of the ACE2−/y, Akita, and ACE2−/y-Akita 
mice treated with MACs showed changes in β-diversity 
(Online Figure IVA through IVC), revealing differential 
clustering between saline (control) and MAC-treated 
mice (permanova P=0.035) based on the expressed 
functional gene profile within each sample. A heat map 
displaying the differential abundances of the prominent 
taxa is presented in Online Figure IVD. Within the ACE2−/

y-Akita mice, we observed an absence of B animalis in 
MAC-treated mice. Downstream enrichment analyses 
were then conducted to determine if these shifts were 
theoretically beneficial or harmful to the mouse host 
(Online Figure IVE through IVG). Differential pathway 
analysis revealed a significant decrease in genes asso-
ciated with peptidoglycan biosynthesis (P=0.05; Online 
Figure IVE), whereas an increase in gene expression 
associated with glutathione metabolism (with increased 
expression of Leucine aminopeptidase) and synthe-
sis within MAC-treated ACE2−/y-Akita in comparison to 
ACE2−/y-Akita saline samples (Online Figures IVF and V). 
A significant decrease in genes mapped to the methane 

Figure 2 Continued. level in the lamina propria (LP; P=0.0004 and P=0.0001; n=5). H, Representative images and quantitative graph (I) 
showed that ACE2 depletion played a key role in the diabetes mellitus-caused reduction of VE-Cadherin (red) expression in the gut vascular 
barrier (P=0.007, P=0.0001; n=5). J, The level of circulating peptidoglycan was robustly increased in the ACE2−/y-Akita mice (P=0.001, 
P=0.0001; n=14 WT; 14 ACE2−/y; 9 Akita; and 7 ACE2−/y-Akita). K, The level of circulating peptidoglycan (P=0.0001) (n=9 control; 8 type 1 
diabetes mellitus [T1D]; and 20 type 2 diabetes mellitus [T2D]) and (L) levels of FABP-2 (intestinal fatty acid-binding protein; P=0.01, P=0.0001; 
n=23 control; 21 T1D; and 23 T2D) in diabetic subjects vs controls. One-way ANOVA.
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Figure 3. Loss of ACE2 (angiotensin-converting enzyme 2) worsens diabetes mellitus-induced reduced infiltration of bone marrow 
(BM)-derived myeloid angiogenic cells (MACs) into the small intestine, without affecting proinflammatory and immune cell types.  
No differences of phenotypic (A) T cells (n=14 wild type [WT]; 14 ACE2−/y; 9 Akita; and 12 ACE2−/y-Akita), (B) natural killer (NK) cells (n=14 
WT; 14 ACE2−/y; 9 Akita; and 12 ACE2−/y-Akita), (C) Ly6C+ monocytes (n=13 WT; 13 ACE2−/y; 9 Akita; and 12 ACE2−/y-Akita), and (D) Ly6C− 
monocyte (n=12 WT; 14 ACE2−/y; 9 Akita; and 12 ACE2−/y-Akita) in the small intestine lamina propria (LP) layer among the 4 different cohorts. E, 
Representative flow data presenting MAC populations in cells obtained from BM of each group and (F) LP of the small intestine. G, Quantitative 
data of percentage of MACs (CD45+CD31+Flk-1+) in BM show no difference between the 4 cohorts (n=6 WT; 5 ACE2−/y; 4 Akita; and 8 ACE2−/

y-Akita); however, (H) MACs are reduced in the small intestine in the ACE2−/y, Akita, and ACE2−/y-Akita (P=0.02, P=0.03, P=0.007, P=0.0001) 
(n=10 WT; 14 ACE2−/y; 8 Akita; and 12 ACE2−/y-Akita). One-way ANOVA.
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metabolism was observed in MAC-treated ACE2−/y-Akita 
mice compared with saline-injected ACE2−/y-Akita mice 
with increase of genes that lead to D-Fructose produc-
tion (Online Figures IVG and VI).

Peptidoglycan Treatment Does not Affect 
Inflammasome Activation in HRECs
Peptidoglycan and lipopolysaccharide are both well 
known as bacterial-derived stimuli that drive systemic 
inflammatory responses. The upregulation of circulat-
ing lipopolysaccharide poses an important interaction 

between the progression of microvascular complications 
and inflammation.52 However, little is known about the 
contribution of peptidoglycan to these complications, in 
particular diabetic retinopathy. Both human and murine 
circulating monocytes responded to peptidoglycan stim-
ulation with release of proinflammatory cytokines such as 
IL (interleukin)-1β in an Nlrp3 inflammasome and cas-
pase-1 dependent manner (Online Figure VIIA through 
VIIE). However, neither IL-1β nor IL-18 were detected in 
HRECs after peptidoglycan treatment, suggesting that 
peptidoglycan is not an effective ligand of inflammasome 
activation in HRECs (Online Figure VIIF).

Figure 4. Myeloid angiogenic cells (MACs) treatment restored the gut epithelial integrity in ACE2−/y-Akita mice.  
A–C, All 4 cohorts, wild type (WT), ACE2−/y, Akita, and ACE2−/y-Akita were treated 3 times over 6 days with either PBS control or MACs sorted 
from healthy mouse bone marrow. A, Representative images of ZO-1 (Zonula occludens-1) staining (green) in saline-treated controls or MAC-
treated groups (ileum). B, Quantitative graphs showed that MAC treatment corrected the reduced expression of ZO-1 in the ileum (P=0.01, 
P=0.03, and P=0.003; n=3–5). C, Representative images of p120-catenin staining (green) in saline-treated controls or MAC treatment groups 
(ileum). D, Quantitative graphs showed that MAC treatment prevented diabetes mellitus-mediated reduction of p-120-catenin (P=0.04, P=0.007, 
and P=0.0002; n=3–4). One-way ANOVA.
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Peptidoglycan Treatment Activates TLR-2 
Mediated MyD88/ARNO/ARF6 Signaling in 
HRECs
TLR-2 can recognize bacterial cell wall components and 
is expressed by retinal endothelial cells.53 To investigate 
whether peptidoglycan can increase TLR-2 expres-
sion, HRECs were treated with peptidoglycan (40 and 
100 µg/mL) for 24 hours, and TLR-2 expression was 
assessed by changes in immunofluorescence (Fig-
ure 7A and 7B) and flow cytometry (Figure 7C and 7D). 
Peptidoglycan treatment resulted in increased TLR-2 

immunofluorescence (P=0.0001) which were confirmed 
using flow cytometry that demonstrated an increase in 
surface TLR-2 (P=0.01) in the peptidoglycan-treated 
group compared with untreated cells (Figure  7C and 
7D). Glucose (25 mmol/L) treated HRECs were used as 
a positive control for TLR-2 activation and mannitol (25 
mmol/L) as a positive control for osmolarity. Due to the 
greater effect of peptidoglycan on TLR-2 expression at 
the dose of 100 µg/mL, this concentration was used in 
all subsequent experiments.

TLR-2 activation requires the recruitment of MyD88. 
Increased cytoplasmic expression of MyD88 was 

Figure 5. Myeloid angiogenic cells (MACs) treatment restored the gut vascular integrity in ACE2−/y-Akita mice.  
A–C, Diabetic and nondiabetic mice were treated for 6 d with either PBS control or MACs sorted from healthy mouse bone marrow. A, 
Representative images of PV-1 (plasmalemma vesicle-associated protein-1) staining (green) in saline control-treated groups or MAC treatment 
groups (jejunum). B and C, Quantitative graphs showed that MAC treatment corrected the diabetes mellitus-induced expression of PV-1 in both 
jejunum (P=0.0001) (B), and ileum (P=0.0001) (C) (n=3–5). D, Representative images of VE-cadherin staining (red) in control or MAC treatment 
groups (jejunum). E and F, Quantitative graphs showed that MAC treatment prevented diabetes mellitus-mediated reduction of VE-cadherin 
expression in both jejunum (P=0.001, P=0.0001) (E), and ileum (P=0.001, P=0.003) (F) (n=3–5). One-way ANOVA.
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Figure 6. Myeloid angiogenic cell (MAC) treatment restored YAP (Yes-associated protein) expression in the gut and  
re-established vascular integrity to prevent the translocation of peptidoglycan in diabetes mellitus.  
A, Representative images of YAP immunofluorescence staining in the jejunum. B, YAP expression (red) is increased by MAC treatment in the Akita 
and ACE2−/y-Akita mice (P=0.01, P=0.04) (n=3–5). C, Representative images of YAP immunofluorescence staining in the ileum. (Continued )
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observed in peptidoglycan-treated cells as compared 
with untreated cells with expression being almost 3-fold 
higher (P=0.005) in peptidoglycan-treated cells (Fig-
ure  7E and 7F). MyD88 stimulates ARNO and ARF6, 
a member of the family of small GTPases, to promote 
vascular permeability.54,55 Immunofluorescence stain-
ing revealed that peptidoglycan treatment significantly 
increased ARNO (P=0.001; Figure  7E and 7F) and 
ARF6 expression (2-fold, P=0.0001; Figure 7E and 7F) 
in HRECs.

Peptidoglycan Treatment Destabilized p120-
Catenin, Promoting Adherens Junction 
Disruption, While NAV2729 (ARF6 Inhibitor) 
Blocked the Effect of Peptidoglycan, Restoring 
Adherens Junction Integrity
Destabilization of p120-catenin results in failure to 
form compact adherens junction connections and 
reduces barrier function56 by internalization of VE-
cadherin. We next examined whether peptidogly-
can-mediated vascular leakage is associated with 
peptidoglycan-mediated activation of MyD88/ARNO/
ARF6 signaling through destabilization of p120-
catenin and internalization of VE-cadherin. After pepti-
doglycan treatment, the plasma membrane localization 
of p120-catenin was decreased in HRECs (arrow-
heads, P=0.009, Figure  7G and 7H). The reduction 
of p120-catenin turnover was further confirmed by 
western blot analysis (P=0.05; Figure  7I and 7J). In 
the adherens junctional complex, p120-catenin binds 
with the cytoplasmic tail of VE-cadherin and stabilizes 
the membrane localization of VE-cadherin to maintain 
barrier integrity. With the loss of p120-catenin, the 
integrity of adherens junctions in HRECs was lost, 
as observed by decreased VE-cadherin expression 
(P=0.005; Figure 7I and 7K).

To confirm the functional role of ARF6 in vas-
cular damage, HRECs were treated for 1 hour 
with NAV2729 (an inhibitor of ARF6, 10 µmol/L) 
before cotreatment with peptidoglycan for 24 hours. 
NAV2729 treatment maintained p120-catenin local-
ization in the plasma membrane (Figure 7G through 
7J) and supported the restoration of adherens junc-
tions through increased VE-cadherin expression 
(Figure  7I and 7K). These results establish that 
peptidoglycan-mediated activation of ARF6 plays an 
essential role in enhancing endothelial permeabil-
ity in the retina. Furthermore, deactivation of ARF6 
improves endothelial barrier integrity and reduces 
vascular leakage.

DISCUSSION
In this study, we found that disruption of the gut bar-
rier in ACE2−/y, Akita, and ACE2−/y-Akita mice resulted 
from a loss of MACs, a population of hematopoi-
etic cells previously defined by the surface markers 
CD45+CD31+Flk1+29. This population of hematopoietic 
cells was markely reduced in the SI of the ACE2−/y, Akita, 
and ACE2−/y-Akita cohorts, suggesting that the loss of 
MACs was likely responsible for the barrier dysfunction 
and endotoxemia observed in these cohorts. Consis-
tently, the exogenous administration of MACs restored 
the functional and anatomic integrity of the GVB and 
decreased the levels of peptidoglycan in the circulation 
of these mice. These results support the notion that loss 
of protective renin-angiotensin system results in the dys-
regulation of the BM-gut axis, a defect that is intensified 
in the presence of T1D. In turn, BM dysfunction contrib-
utes to increased gut epithelial and endothelial cell per-
meability and peptidoglycan levels in the circulation by 
reducing the production of this key reparative population, 
MACs. peptidoglycan, which is increased in the gut and 
ultimately enters the circulation, originates from bacterial 
species with increased peptidoglycan gene expression. 
Importantly, we observed increased peptidoglycan levels 
in the circulation of the ACE2−/y, Akita, and ACE2−/y-Akita 
mice with the highest levels in the ACE2−/y-Akita mice. 
We also demonstrated that exogenous administration of 
MACs directly impacted the species composition of the 
microbiome and their gene production. The microbiome 
of the ACE2−/y-Akita mice injected with MACs demon-
strated the most profound changes including reduction 
of peptidoglycan biosynthesis pathways, reduced meth-
ane metabolism, and increased glutathione metabolism.

In healthy tissue, damage is balanced by physiological 
repair. Hematopoietic cells such as MACs also termed 
early endothelial progenitor cells31,57,58 or circulating 
angiogenic cells.59–64 MACs24 possess angioge25nic 
and vascular repair capacity via paracrine activity. MACs 
are recruited to injured or angiogenic sites and secrete 
regulatory cytokines and growth factors that promote 
vessel repair by local vascular wall resident progenitor 
cells. MACs were first generated through the culture of 
peripheral blood mononuclear cells in endothelial cell-
selective medium containing VEGF (vascular endothelial 
growth factor) for 4 to 7 days.26,33,65 In diseases such as 
diabetes mellitus, coronary artery disease, and hyperten-
sion, reduced levels and function of these cells28,66 is 
observed. Ward et al reported that MACs from subjects 
with cardiovascular disease exhibited reduced migration 
towards VEGF compared with cells from healthy controls. 
Tepper et al33 showed that MACs from type 2 diabetics 

Figure 6 Continued. D, YAP expression is increased by MAC treatment in the Akita and ACE2−/y-Akita mice (P=0.04, P=0.003, P=0.0001) 
(n=3–5). E, Peptidoglycan (P=0.0001, P=0.0004, P=0.0008; saline n=10 wild type [WT]; 7 ACE2−/y; 5 Akita; and 5 ACE2−/y-Akita: MACs-treated 
groups n=3–5) and (F) zonulin (P=0.03, P=0.0001; n=3–5) levels were increased in the same cohort of diabetic mice and largely reduced by MAC 
treatment in both Akita and ACE2−/y-Akita mice. One-way ANOVA. DAPI (4',6-diamidino-2-phenyllindole) was used for nuclear staining (blue).
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Figure 7. Peptidoglycan (PGN) treatment increased vascular permeability via TLR-2 (Toll-like receptor 2)-mediated activation 
of the MyD88 (myeloid differentiation primary response protein 88)/ARNO (ADP-ribosylation factor nucleotide-binding site 
opener)/ARF6 (ADP-ribosylation factor 6) signaling cascade.  
HRECs (human retinal endothelial cells) were treated with PGN (40 and 100 µg/mL) for 24 h. The expression of TLR-2 (red) was examined 
by immunofluorescence (A) and quantitated (P=0.009, P=0.0001; n=3–4) (B). C and D, Flow cytometry assessment of percentage of cells 
expressing TLR-2 (P=0.01) (n=3). E and F, PGN treatment enhanced the expression of MyD88 (green) (P=0.004, P=0.005), ARNO (green; 
P=0.01, P=0.001) and ARF6 (red) (P=0.0001, P=0.0006) in HRECs (n=4). Effect of PGN on p120-catenin (green) expression in HRECs 
with and without NAV2729 treatment was determined by immunofluorescence staining (P=0.01, P=0.009; n=5–7) (G and H) and Western blot 
analysis (P=0.05, P=0.004; n=3) (I and J). I and K, Western blot analysis of PGN treatment effect on VE-cadherin expression in HRECs (P=0.005, 
P=0.0002) (n=3). Glucose (25 mmol/L)-treated HRECs were used as a positive control; mannitol (25 mmol/L)-treated cells served as a positive 
control for osmolarity. One-way ANOVA and unpaired t test. DAPI (4',6-diamidino-2-phenyllindole) was used for nuclear staining (blue).
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had impaired proliferation and adhesion. Vasa et al26 
observed an inverse correlation between the number and 
migratory activity of MACs and risk factors for coronary 
artery disease. Thus, it is unsurprising that reduced levels 
of MACs were observed not only in the intestine of the 
diabetic mice but also in the intestines of the ACE2−/y 
and ACE2−/y-Akita mice.

Thus, MAC quantity and function are robust biomark-
ers of vascular risk for a multitude of diseases, par-
ticularly vascular diseases. MACs can be distinguished 
from late out-growth cells or endothelial colony-forming 
cells (ECFCs), which are vascular wall-derived (not BM-
derived), but none the less are present in the circula-
tion as they slough off into the blood and are captured 
in peripheral blood samples. However, because both 
ECFCs of endothelial lineage and MACs of hematopoi-
etic linage are present at sites of neovascularization and 
the cells co-express a host of similar surface markers, it 
is difficult to discriminate them form each other at sites 
of vascular repair and to appreciate their individual con-
tribution to the healing or regenerative process. ECFCs 
were not used in our current studies but could represent 
an excellent alternative source of cells to directly replace 
dysfunctional endothelium in the GVB by forming cellular 
patches at the site of denuding injury in the gut.67,68

Despite the clinical importance and well-studied thera-
peutic role of MACs in cardiovascular diseases, peripheral 
vascular disease, and diabetes mellitus, there is still no 
consensus regarding the definition and definitive marker 
panels for MACs.24 Several review articles have summa-
rized the various cell surface marker combinations used 
to define the hematopoietic/MACs.69,70 The vast majority 
of the literature has defined MACs using different com-
binations of hematopoietic markers (CD34 in humans 
and CD45 in murine) and endothelial markers, such as 
CD31, VEGFR2 (KDR [kinase insert domain receptor] 
in humans, Flk-1 in murine), CD133, VEGFR1, and Tie-
2.69,70 In our study, we used mouse hematopoietic marker 
CD45 in combination with angiogenic markers CD31 
and Flk-1, as previously shown in Hyongbum’s study.29 
Remarkably, the BM CD31+ cells expressed various other 
angiogenic markers such as VEGFR2 and represented a 
highly angiogenic and vasculogenic cell population.

Because of the discrepancies in the field, it is noted that 
more systematic and standardized tests should be done in 
the future to harmonize the definition and standards for MAC 
populations. The field of vascular progenitors has additional 
confounders that must be considered, such as the response 
of the MACs or ECFCs is likely dependent on the animal 
model used to evaluate the cells, the genetic background 
of the mouse, the type of vascular injury incurred, the organ 
system being challenged, and the nature of the angiogenic 
stimulus. Thus, the behavior of MACs (and ECFCs) will likely 
be different depending on whether the cells are responding 
to a disturbed GVB, a tumor, a denuded artery, a myocardial 
infarction, ocular ischemia, or a traumatic injury.

A novel finding of our studies is the identification 
that peptidoglycan-dependent stimulation of TLR-2 
in the vasculature does not result in activation of 
the inflammasome. Instead, it appears that the pep-
tidoglycan-dependent vascular permeability occurs 
through TLR-2/MyD88/ARNO/ARF6 signaling path-
way.54,55,71,72 Thus, our studies support that peptido-
glycan in the circulation can enhance retinal vascular 
permeability and likely permeability in other vascular 
beds. A central regulator of the adherens junctional 
complex, p120-catenin, is localized in the JMD (jux-
tamembrane domain) region of the cytoplasmic tail 
of VE-cadherin. The function of p120-catenin in the 
adherens junctional complex is to regulate cadherin 
stability at the plasma membrane. A growing body of 
evidence indicates that destabilization of p120-catenin 
results in failure to form compact adherens junction 
connections and results in reduced barrier function56 
owing to internalization of cadherin. We showed that 
peptidoglycan-mediated vascular leakage is asso-
ciated with destabilization of p120-catenin and a 
significant reduction in membrane localization of p120-
catenin after peptidoglycan treatment in HRECs. Small 
GTPases of the Rho family, primarily ARF6, are inti-
mately involved in the regulation of this process. ARF6 
regulates VE-cadherin/p120-catenin internalization.73 
We further confirmed the functional role of ARF6 in 
retinal damage by demonstrating that the inhibitor of 
ARF6 (NAV2729) restored adherens junctional integ-
rity through increased p120-catenin expression, result-
ing in stabilized VE-Cadherin. These results establish 
that peptidoglycan-mediated activation of ARF6 plays 
an important role in enhancing endothelial permeability 
in the vasculature, including the retina, and deactiva-
tion of ARF6 by NAV2729 improves the endothelial 
barrier and reduces vascular leakage (Figure 8).

Several additional points should be considered. First, 
loss of MACs is not solely responsible for reduced bar-
rier characteristics but also the loss of beneficial bacte-
ria could adversely impact gut barrier function. Second, 
Akkermansia muciniphila74–77 is typically considered a ben-
eficial bacterium78,79 that has been shown to be decreased 
in diabetes mellitus. However, there are reports including 
our own previously published study that support that A 
muciniphila is increased in diabetic mice.1 In the current 
work, we observed an increase in A muciniphila in Akita 
mice but not in the ACE2−/y-Akita group. We interpret the 
increase in A muciniphila as a compensation response. 
Considering this is the first microbiome study using Akita 
mice with 9 months of diabetes mellitus, it may also repre-
sent a unique feature of this mouse model. Furthermore, 
the levels of mucin, which we did not examine, impact the 
levels (and gene expression) of A muciniphila and may 
have influenced our findings. Third, metatranscriptomic 
analysis showed that B animalis was responsible for the 
peptidoglycan generation. While B animalis is typically  
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considered a beneficial bacterium, we interpret our find-
ings as follows. Peptidoglycan synthesis is not harmful 
when peptidoglycan stays inside the SI and colon. How-
ever, in our cohorts, peptidoglycan was translocated into 
the systemic circulation via a disrupted gut barrier and 
reached target tissues where it activated TLR-2 and its 
downstream signaling pathway, thus becoming harmful.

MACs in humans are best characterized by the sur-
face marker CD34.80 Clinicaltrials.gov currently lists 686 
studies that use MAC populations for the treatment of 
a wide range of ischemic conditions ranging from limb 
ischemia to myocardial infarction. In these clinical studies, 

the cells are either injected into the targeted vascular 
bed, for example, the coronaries, or injected into the sys-
temic circulation. Even when administered directly into a 
dysfunctional vasculature, the cells redistribute through-
out the entire vasculature, thus potentially impacting the 
GVB and gut epithelium. We can only speculate at this 
point that the clinical use of CD34+ cells could restore 
the gut epithelial barrier and GVB reducing deleterious 
or proinflammatory gut microbial products that produce 
metabolic endotoxemia.

In summary, we show the dramatic impact of diabetes 
mellitus and the loss of ACE2 on the BM-gut axis.

Figure 8. Schematic diagram showing the role of myeloid angiogenic cells (MACs) in maintaining gut barrier and preventing 
systemic effects of increased bacterial antigens.  
We show that in diabetes mellitus, an imbalance of renin-angiotensin system (RAS; loss of ACE2 [angiotensin-converting enzyme 2]) results 
in reduced infiltration of MACs into the gut. The inadequate levels of MACs prevent repair of the gut barrier resulting in peptidoglycan (PGN) 
translocation into the circulation through the leaky gut. Circulating PGN binds to its receptor TLR-2 (Toll-like receptor 2), activating the MyD88 
(myeloid differentiation primary response protein 88)/ARNO (ADP-ribosylation factor nucleotide-binding site opener)/ARF6 (ADP-ribosylation 
factor 6) signaling cascade. In endothelial cells, VE-cadherin, an adhesion molecule of adherens junction, plays a key role in regulating endothelial 
permeability. Adherens junctions are multiprotein complexes which consist of extracellular domains (VE-cadherins) and intracellular domains (p120-
catenin: juxtamembrane domain; and β-catenin: catenin binding domain) to facilitate cell adhesive functions. Circulatory PGN mediated ARF6 
signaling disassembles the adherens junctional complex through decreasing the p120-catenin turnover, leading to internalization of VE-cadherin 
through a vesicular endocytosis process, enhancing vascular permeability. Treatment of diabetic mice with MACs, isolated from the bone marrow 
(BM) of healthy mice, reduces dysbiosis and restores gut vascular integrity reducing the deleterious systemic effects of gut antigens such as PGN.
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Metatranscriptome analysis directed our efforts to 
peptidoglycan-producing bacteria that promoted intestinal 
permeability and resulted in increased serum levels of pep-
tidoglycan and zonulin. Importantly, exogenous administra-
tion of MACs restored both GVB and epithelial integrity and 
reduced leakage of microbial peptides into the circulation. 
Thus, a novel aspect of our study rests in the demonstra-
tion of the dependency of MAC function on maintaining the 
gut barrier function and that MAC administration benefi-
cially impacts the gut microbiome correcting diabetes mel-
litus-induced dysbiosis. To our knowledge, this is the first 
study to identify the importance of MACs in maintaining 
gut barrier integrity. With the growing recognition of how 
the microbiome influences the physiology of the host, this 
newly found role of BM-derived MACs supports the con-
sideration of therapeutic strategies to increase the mobi-
lization of MACs into the circulation or, in diseases where 
there is a reduced production of these cells, by providing 
exogenous administration of allogeneic CD34+ cells.
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