Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2020, Vol. 75, No. 7, 1299-1303

GERONTOLOGICAL

Advance Access publication October 5, 2019
SOCIETY OF AMERICA®

X,

Special Issue: The Gut Microbiome and Aging

Therapeutic Delivery of Ang(1-7) via Genetically Modified
Probiotic: A Dosing Study

Christy S. Carter, PhD,"* Drake Morgan, PhD,2 Amrisha Verma, PhD,? Gilberto Lobaton,*
Victor Aquino,* Elaine Sumners, PhD,* Mohan Raizada, PhD,* Qiuhong Li, PhD,® and
Thomas W. Buford, PhD'

'Department of Medicine, Division of Gerontology, Geriatrics and Palliative Care, School of Medicine, University of Alabama at
Birmingham. 2Department of Psychiatry, College of Medicine, *Department of Ophthalmology, College of Medicine, and *Department of
Physiology and Functional Genomics, College of Medicine, University of Florida, Gainesuville.

*Address correspondence to: Christy S. Carter, Department of Medicine, Division of Gerontology, Geriatrics and Palliative Care, School of
Medicine, University of Alabama at Birmingham, Birmingham, AL 35294-2172. E-mail: cartercs@uabmc.edu

Received: February 20, 2019; Editorial Decision Date: August 23, 2019

Decision Editor: Rozalyn Anderson, PhD

Abstract

In recent years a number of beneficial health effects have been ascribed to the renin-angiotensin system (RAS) that extend beyond lowering blood
pressure, primarily mediated via the angiotensin-converting enzyme-2 (ACE2)/angiotensin (1-7) or Ang(1-7)/MAS receptor axis. Moreover,
once thought as merely a systemic effector, RAS components exist within tissues. The highest tissue concentrations of ACE2 mRNA are located
in the gut making it an important target for altering RAS function. Indeed, genetically engineered recombinant probiotics are promising
treatment strategies offering delivery of therapeutic proteins with precision. An Ang(1-7) secreting Lactobacillus paracasei (LP) or LP-A has
been described for regulation of diabetes and hypertension; however, we are the first to the best of our knowledge to propose this paradigm as
it relates to aging. In this Research Practice manuscript, we provide proof of concept for using this technology in a well-characterized rodent
model of aging: the Fisher344 x Brown Norway Rat (F344BN). Our primary findings suggest that LP-A increases circulating levels of Ang(1-7)
both acutely and chronically (after 8 or 28 treatment days) when administered 3x or 7x/week over 4 weeks. Our future preclinical studies will
explore the impact of this treatment on gut and other age-sensitive distal tissues such as brain and muscle.
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In recent years a number of pleiotropic effects have been ascribed
to the renin-angiotensin system (RAS) beyond modulating blood
pressure (1,2). Classically, the canonical RAS was thought to func-
tion primarily by balancing the vasoconstrictive actions of angio-
tensin II (Angll) binding to the AT1 receptor (AT1R) with the
actions of bradykinin—a potent vasodilatory substance. However,
an adjunctive RAS axis was recently discovered, which functions
by binding of the peptide angiotensin (1-7) or Ang(1-7) to the
Mas (AT7) receptor. In contrast to the vasoconstrictive actions of
the AnglI/AT1R axis, the angiotensin-converting enzyme-2 (ACE2)
axis induces several beneficial physiologic effects (Figure 1). Though
once thought merely a systemic effector, components of the RAS
[including ACE2 and Ang(1-7)] exist within a variety of tissues,
most notably within the gastrointestinal tract. ACE2 mRNA and
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protein are present in significant amounts in small intestinal brush
border, muscularis mucosa, and propria, as well as microvascular
endothelium and vascular smooth muscle cells (3). Additionally, the
highest tissue concentrations of ACE2 mRNA are found in the ter-
minal ileum, duodenum, and colon (4,5); thus making the gut an
important target for altering RAS function.

Indeed, genetically engineered recombinant probiotics have been
purported as highly promising treatment strategies (6,7) as they
offer a potentially efficacious method to deliver therapeutic pro-
teins with precision and a high degree of site specificity (8). Several
groups have proposed RAS-related probiotics, namely an Ang(1-7)-
secreting Lactobacillus paracasei (LP) or LP-A, for the regulation of
diabetes, blood pressure and other hypertension symptoms (9,10).
In this Research Practice manuscript, we are the first, to the best of
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Figure 1. Ang(1-7) promotes beneficial actions of the renin-angiotensin system
(RAS). Once thought to merely regulate blood pressure, the RAS is now known
to have a variety of physiologic functions, including beneficial effects of the
Ang(1-7) axis. Full color version is available within the online issue.

our knowledge, to propose this paradigm as it relates to aging as
we provide proof of concept in a well-characterized rodent model
of aging: the Fisher 344 x Brown Norway Rat (F344BN). We also
provide evidence for establishing an optimal dosing strategy using
circulating Ang(1-7) levels as our primary outcome and other RAS
analytes (Angll, ACE, ACE2) to identify changes in both arms of the
RAS acute (8 days) and chronic (4 weeks) treatment.

Methods

Animals

Subjects were male F344BN rats obtained from the National
Institute on Aging Colony at Harlan Laboratories (Indianapolis,
IN). No females were used in this experiment because the colony
at NIA is not currently supplying these animals (expected date is
late in 2019 where we will repeat these experiments in females).
This rat strain was chosen because of its increased longevity and
decreased cumulative lesion incidence compared with other strains
(11). Animals (7 = 29) were received at 24 months of age and housed
individually on a 12 hours light and 12 hours dark cycle in a spe-
cific pathogen-free facility accredited by the American Association
for Accreditation of Laboratory Animal Care at the University of
Florida. Animals were fed a standard rodent chow (18% kcal from
fat, no sucrose, 3.1 kcal/g, diet 2018; Harlan Teklad, Madison,
WI). Animals were allotted 1 week to acclimate to their housing
conditions and to establish baseline rates of food intake and body
weight. Health status, body weight, and food intake were monitored
daily. Health assessments included checking for a sudden decline
in body weight, redness around the eyes and nostrils, ruffled coat,
open tail sores, and haunched posture. All experimental protocols
were approved by the University of Florida’s Animal Care and Use
Committee, and in accordance with the “Guide for the Care and Use
of Laboratory Animals.”

Design
Rats (n = 6-8/group) were randomized at 24 months of age to
the following treatment groups for 4 weeks: TAS vehicle or LP-A

delivered 0x, 1x, 3x, or 7x/week. The concentration of the LP-A did
not change, only the number of days/week that the LP-A was de-
livered. This range of doses were was chosen based on preliminary
data from our laboratory indicating that LP-A given 3x/week was
sufficient to raise Ang(1-7) in male F344BN rats by 25%, although
this change was not statistically significant due to small numbers of
animals (data not shown). To refine the dosing strategy, we chose
a smaller (1x/week) and larger dose (7x/week). On days when rats
in the 1x and 3x/week group did not receive the LP-A, they were
gavaged with PBS to control for the stress of being handling handled
and gavaged to a similar degree as the 7x/week group. Animals were
weighed and their food intake measured daily to ensure there were
no anorectic or other adverse effects of the drug administration. On
days 8 and 29, sublingual blood was drawn for analyses analysis
of circulating RAS components. At the end of the 4 weeks, animals
were euthanized by rapid decapitation, and tissues were dissected
for future analyses.

Probiotic Formulation and Administration

Construction of recombinant probiotics secreting Ang-(1-7) is re-
ported elsewhere (manuscript in preparation). Briefly, the plasmid
pTRKH3-1dhGFP (Addgene, plasmid #27170) was used as a back-
bone for construction of the expression vector in which the Ang-
(1-7) peptide is expressed as a secreted fusion protein with the
chorea toxin binding protein subunit B (CTB), separated by a furin
cleavage site. Fusion with CTB facilitates the transmucosal trans-
port into circulation and tissue uptake by GM1 receptor-mediated
endocytosis. The resulting plasmid was electroporated into LP by
electroporation as described by Welker et al. (12). Wild Wild-type
LP and LP-A were cultured in MRS (deMan Rogosa Sharpe) broth
(BD Difco, Houston, TX) supplemented with 5 pg/mL erythromycin
at 37°C for 18 hours. The bacteria were harvested by centrifugation
at 5,000 x g for 20 minutes and re-suspended in sterile PBS for oral
gavage. For extended storage, harvested bacteria were washed once
with PBS and then suspended in TAS buffer (4% Trehalosetrehalose,
4% Sodium sodium Ascorbate ascorbate, and 6% skim milk) and
frozen in small aliquots at -20°C. Colony counting was conducted
before the animal experiments to ensure the numbers of surviving
bacteria.

The animals were orally gavaged with 2 x 10" CFU/ kg body
weight or an equal volume of buffer. An 18-gauge gavage/feeding
needle (3 inch length/ 3 mm ball diameter) was inserted into the
esophagus, ensuring that there was no resistance to its advance-
ment. The fluid was injected slowly and when complete, the needle
was pulled straight out. The rats were tolerant of this procedure
and no averse outcomes were observed over the 4-week study
(Supplementary Video).

Sublingual Blood Draw

The tongue of an anesthetized (5% isofluorane) rat was grasped with
tweezers, the vein punctured with a % in 26 gauge needle, and blood
allowed to drip into a serum tube. A cotton swab was used to stop
bleeding. Rats recovered, within 5§ minutes, in their home cages with
a warming disk placed underneath the cage.

RAS Analytes

Concentrations of Ang(1-7) were evaluated to provide proof of
principle that the LP-A was effective at elevating Ang(1-7) in the
circulation. We also measured changes to circulating levels/activity
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of main effectors of the canonical and adjuvant RAS axes, namely
Angll, ACE and ACE2.

Ang(1-7) and AnglI concentrations

Serum levels of Ang-(1-7) and Ang II were measured using com-
mercial ELISA kits according to instructions provided by the
manufacturer [CESO85Ra, Cloud-Clone Corp., Katy, TX, for Ang-
(1-7); and ADI-900-204, Enzo Life Sciences, Inc., Farmingdale,
NY for Ang II]. Briefly, for Ang-(1-7), the assay plates were coated
with the monoclonal antibody specific to Ang-(1-7) and incu-
bated overnight at 4°C The next day, the plates were washed and
blocked followed by the addition of standards and samples and
were incubated with biotinylated anti- Ang-(1-7) at 37°C for an
hour, followed by a wash step. Streptavidin/Horseradish horse-
radish Peroxidase peroxidase (HRP) was then added to each well.
After another wash, TMB (3, 3%, 5, 5’-Tetramethylbenzidinetetr
amethylbenzidine) substrate was added and the absorbance was
read at 450 nm using a plate reader (SpectraMax M3, Molecular
deviceDevices, Sunnyvale, CA).

For the Angll assay, the samples and standards were added on to
the pre-coated assay plate and incubated with the anti-Ang II anti-
body for an hour at room temperature, followed by a wash step.
Streptavidin/HRP was then added to each well. After another wash,
TMB substrate was added and the absorbance was read at 450 nm
using a plate reader (SpectraMax M3, Molecular device, United
States).

All standards and samples were tested in duplicate and Ang-(1-7)
and Ang II concentrations were calculated relative to the standard
curve generated by serially diluting the standard provided in the kit.

ACE and ACE?2 activity assay

Serum ACE and ACE2 activities were determined using assays based
on fluorescent substrates, Abz-Phe-Arg-Lys[Dnp]-Pro-OH, M-2590
for ACE (Bachem, Torrance, CA), and Abz-Ser-Pro-3-nitro-Tyr-OH,
M-2660 for ACE2 (R&D Systems, Inc., Minneapolis, MN), as pub-
lished previously (13-15). Briefly, for ACE activity, the assay was
performed in black 96-well plates with 10 puM fluorescent sub-
strate in a final volume of 100 pL per well. For each well, 10 ul
serum sample was loaded along with the assay buffer (75 mM Tris,
1 M NaCl, 0.5 uM ZnCl,, pH 7.5). The fluorescent intensity was
measured using SpectraMax M3 fluorescence microplate reader
(Molecular Devices) every 90 seconds with excitation at 320 nm and
emission at 420 nm at 37°C for 2 hours.

The ACE2 activity assay was performed in black 96-well plates
with 50 uM ACE2-specific fluorogenic peptide substrate (M-2660)
in a final volume of 100 pL per well. For each well, 10 ul serum
sample was loaded along with the assay buffer (75 mM Tris, 1
M NaCl, 0.5 uM ZnCl,, pH 7.5). The fluorescent intensity was
measured using SpectraMax M3 fluorescence microplate reader
(Molecular Devices, LLC, Sunnyvale, CA) for every 90 seconds
with excitation at 340 nm and emission at 400 nm at 37°C for
2 hours.

All samples were run in duplicate and results are expressed as
relative fluorescent units (RFU).

Statistics

Differences in RAS dependent measures were analyzed using
univariate analysis of variance (ANOVA) with pre-planned contrasts
comparing each dosing condition (1x, 3x, and 7x) to the Ox/week
“control” condition. For body weight and food intake, the data were
non-normally distributed; thus, we performed a nonparametric test
of the differences of medians at baseline and across the 4 weeks of

the study (Days 1, 8, 15, 22, and 29). All analyses were conducted
using commercially available software (IBM SPSS Statistics 235,
Armonk, NY). Differences were considered statistically significant
when the p < .0S5.

Results
Body Weight and Food Intake

There were no observed differences between treatment levels in
weekly body weight or cumulative food intake over the course of the
study (Days 1, 8, 15, and 29; all ps > .05; Figure 2). This indicates
that there were no adverse effects on general health.

RAS Analytes

Figure 3 summarizes the results described below.

Ang (1-7) and Angll
Rats in the 3x and 7x week groups had significantly higher levels of
Ang(1-7) at Days 8 (p = .046 and p = .004, respectively) and 29 (p
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Figure 2. (A) Weekly body weight (Days 1, 8, 15, and 29) and (B) cumulative
food intake were measured in 24-month-old male F344BN rats administration
of 2 x 10" CFU/ kg body weight LP-A in four dosing conditions: 0x, 1x, 3x, or
7x/week. There were no observed differences in either measure indicating
animals were tolerant of the treatment with no impact to gross overall health.
Full color version is available within the online issue.
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Figure 3. Circulating RAS analytes were measured in 24-month-old male
F344BN rats after 8 days (acute) and 29 days (chronic) administration of 2 x
10" CFU/ kg body weight LP-A in four dosing conditions: 0x, 1x, 3x, or 7x/
week. The graphs describe results for (A) Ang(1-7); (B) Angll; (C) Ang(1-7)/
Ang(ll) ratio; (D) ACE2; (E) ACE; (F) ACE2/ACE ratio. Overall, dosing 3x and
7x/week resulted in significantly higher levels of Ang(1-7), lower levels Angll
and a higher ratio of the Ang(1-7)/Angll at both time points. ACE2 levels were
significantly higher acutely in the 1%, 3x, and 7x/weeks groups but these
effects persisted chronically only in the 3x and 7x/week groups. ACE levels
were higher only acutely in the 1x, 3x, and 7x/week groups. There were no
differences observed with chronic treatment nor in the ratio of ACE2/ACE
at either time point. Data are presented as mean + SEM. * denotes dosing
condition significantly different from the 0x/week condition at their respective
time points. ACE2 = angiotensin-converting enzyme-2; Ang(1-7) = angiotensin
(1-7); LP = Lactobacillus paracasei; RAS = renin-angiotensin system.
Full color version is available within the online issue.
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<.001 and p = .014) than control rats. Angll levels were significantly
lower in the 1x and 3x groups at Day 8 (both ps =.009) while all groups
were lower at Day 29 (p < .001, p <.001, and p = .003). However, the
Ang(1-7)/Angll ratio was higher only in the 3x and 7x groups at Day 8
(p = .046 and p = .004) and Day 29 (p <.001 and p = .014).

ACE and ACE2

ACE, ACE2, and the ratio of ACE/ACE2 was measured as an add-
itional measure of activation of the two arms of the RAS. Rats in the
1x, 3x, and 7x week groups had significantly higher levels of ACE
at Day 8 (all ps < .001) relative to control. No differences were ob-
served at Day 29. ACE2 levels were significantly higher in all groups
at Day 8 (p =.002, p = .008, and p < .001); but only higher in the
1x and 3x groups at Day 29 (p = .003 and p = .006). There were no
differences in the ACE/ACE2 ratio at either time point.

Discussion

The primary purpose of this study was to provide a proof of concept
for using a recombinant probiotic secreting Ang(1-7) to increase cir-
culating concentrations of Ang(1-7) in a well-characterized rodent
model of aging: the F344BN rat. A secondary purpose was to ob-
serve the impact on other circulating RAS factors, namely Angll,
ACE, and ACE2.

The use of an orally administered probiotic provides several
potential advantages to traditional drug delivery including ease of
administration, cost of production, and burden for regulatory ap-
proval. However, many preclinical studies utilize methods that may
not correspond closely to those utilized in human studies. We de-
signed the methods of this study, including the animal strain, inter-
vention strategy, and statistical approach based on those utilized
clinically facilitating the translation of study findings to future clin-
ical trials.

Indeed, we found that LP-A increased circulating levels of
Ang(1-7) and decreased levels of Angll. The dose was optimized at
3x/week indicating that this is the most reasonable and efficacious
regimen for future preclinical studies. Moreover, this effect was re-
capitulated when we compared Ang(1-7)/Angll across groups as
well as in acute versus chronic administration. The impact on ACE2,
ACE activity, and the ratio of the two was less dramatic. ACE2 was
both acutely and chronically higher in the 3x and 7x/week groups.
ACE was higher in all dosing groups; however, only acutely. The
ratio of the two was not changed at either time point. The reason for
these secondary effects is not easily explainable, although it could
be that we may have identified a positive feedback loop by which
higher circulating Ang(1-7) modulates levels of these two enzymes.
Whether these effects are specific to gut-delivered Ang(1-7) or if they
are the result of specifically impacting circulating levels of Ang(1-7)
remains an empirical question. We are currently conducting studies
to address this issue by systemically administering Ang(1-7) using a
similar design and outcome variables.

What are the clinical, human applications of this technology?
This study has high impact for the treatment of aging and age-related
human disease. Indeed, the human intestinal tract (ie, “gut”) is in-
habited by over 100 trillion microorganisms, including over 1,000
species of known bacteria (16). Commonly overlooked in human
health and disease treatment, gut microorganisms encode > 150
times more genes than the human genome that impact host physi-
ology and metabolism (17,18). Advanced age is associated with loss
of diversity and number of gut microbiota leading to a “leaky gut”

and increased systemic inflammation, reaching distal organs such as
brain (19,20). Moreover, gut dysbiosis is tightly linked with the de-
velopment of cognitive impairment (21,22), physical frailty (23,24),
and Alzheimer’s disease (25). In support of this concept, we recently
demonstrated that serum zonulin, a key physiologic regulator of in-
testinal permeability (26,27) is elevated among healthy older adults
compared to young adults (28). Zonulin concentrations were also
positively correlated with indices of inflammation and negatively
correlated to strength and physical activity. These findings in humans
indicate that a “leaky gut” could be a primary source of age-related
inflammation, as in preclinical models (29). Thus, the gut appears to
be a key target for intervention to prevent, delay, or reverse aging
and age-related disease.

The ACE2/Ang(1-7) axis has also recently received attention for
its connection to the gut microbiome (30-32), particularly through
its regulation of amino acid transport and immune function in the
intestines (33-35). Moreover, evidence indicates that gut ACE2 is
involved in regulating the ecology of the gut microbiome and at-
tenuating intestinal inflammation suffered in response to epithelial
damage (36). In fact, ACE2 deficient-mice demonstrated increased
susceptibility to intestinal inflammation while transplantation of
microbiota from these mice into germ-free, wild-type hosts induced
colitis. As such, modulating the ACE2/Ang(1-7) axis appears to be a
promising intervention for gut health.

The results from this study focus on LP-A influence on circu-
lating levels of Ang(1-7) and do not necessarily address how this
treatment impacts gut RAS modulation nor the impact on down-
stream targets such as gut and distal tissue inflammation (muscle
and brain for example). In addition, our studies do not dissociate the
impact of LP versus LP-A activation of the RAS alone. We are cur-
rently conducting studies to address these questions.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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