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Although Akkermansia muciniphila (Am) plays a beneficial role as a probiotic in the treatment of
metabolic syndrome, the mechanisms remain elusive. We tested the hypothesis that Am extracellular
vesicles (AmEVs) protect against hypertension through modulation of gene expression in the kidneys
of spontaneously hypertensive rats (SHRs). Extracellular vesicles purified from anaerobically cultured
Am (1.0 x108 or 1.0 x 10° particles/kg) or vehicles were injected into the tail veins of Wistar-Kyoto

rats (WKYs) and SHRs weekly for 4 weeks. Renal cortical tissues isolated from both rat strains were
analyzed by trichrome stain and RT-qPCR. AmEVs protect against the development of hypertension
in SHRs without a serious adverse reaction. AmEVs increased the expression of vasocontracting Agt
and Atlar as well as vasodilating At2r, Mas1 and Nos2 in the kidneys of both strains. These results
indicate that AmEVs have a protective effect against hypertension without a serious adverse reaction.
Therefore, it is foreseen that AmEVs may be utilized as a novel therapeutic for the treatment of
hypertension.
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Akkermansia muciniphila (Am), belonging to the phylum Verrucomicrobiota, was discovered in 2002. This
mucin-degrading bacterium features an oval shape, with a cell size ranging from 0.6 to 1.0 pm. It is Gram-
negative, thrives under obligate anaerobic conditions, and lacks motility'. Typically found in the mammalian
intestinal microbiota community, Am has not only been reported to enhance host metabolism and reduce
inflammation but has also been considered a health marker when present in human fecal samples*’. Am is
currently a subject of therapeutic research for various metabolic-associated diseases* since, like many other gut
microbes, they synthesize several metabolites. Microbiota-derived metabolites are either beneficial (for example,
short-chain fatty acids and indole-3-lactic acid) or detrimental (for example, trimethylamine N-oxide). They can
activate several downstream signaling pathways via G-protein-coupled receptors or through direct immune cell
activation. These alterations activate mechanisms that are traditionally associated with blood pressure regulation,
such as the renin-angiotensin-aldosterone system, the autonomic nervous system, and the immune system”.
Extracellular vesicles (EVs), small membranous nanoparticles derived from various cell types, including
gut microbes, have emerged as crucial mediators in cell-to-cell communication, influencing a wide range of
physiological and pathological processes, particularly in the realm of immunity®’. Microbiota-derived EVs may
exhibit several bacterial cell surface components, including outer membrane proteins, lipids, lipopolysaccha-
rides, and peptidoglycans, they can carry various bacterial components such as DNA, RNAs, enzymes, toxins,
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and a complex of microbial-associated molecular patterns®. Administering EVs from specific bacterial strains
such as Escherichia coli is highlighted for its potential to modulate immune signalling pathways, host nutrition,
and bacterial metabolite production, emphasizing their role in immunomodulation and signalling pathways’.

The renin-angiotensin—-aldosterone system (RAAS) is an important regulator of blood pressure that plays a
crucial role in essential hypertension. Despite extensive research, the precise etiology of this condition remains
elusive, with contributing mechanisms encompassing factors such as immune system activation, heightened sym-
pathetic nervous system activity, dysregulation of water and salt homeostasis, and alterations in gut microbiota
composition'*'%. Components of the RAAS pathway not only influence renal sodium and water balance, vascular
tone, and sympathetic output but also directly modulate immune cell activation and function'®. The kidney, a
primary target for various RAAS components, houses two distinct branches: the classic ACE/AngII/AT1R/aldos-
terone axis and the non-classical ACE2/Ang 1-7/MasR axis. The latter, characterized by ACE2/Ang 1-7/MasR
and Ang 1-9, counteracts the effects of the classic arm, serving as a crucial player in preventing inflammation,
oxidative stress, hypertension, and cardiovascular remodeling. Recognizing the significance of this counter-
regulatory arm underscores its potential as a therapeutic target for managing cardiovascular comorbidities'®”.

Despite the growing evidence linking gut microbiota dysbiosis with hypertension, and the increasing use
of probiotics'®-?!, there remains a gap in understanding the direct application of gut bacteria-derived EVs on
blood pressure and its regulatory systems. Building upon our prior study demonstrating the anti-inflammatory
and anti-hypertensive effects of intravenously administered Am-derived EVs (AmEVs), this study aims to inves-
tigate AmEVs modulation of the renal RAAS and regulation of blood pressure. We tested the hypothesis that
Am extracellular vesicles (AmEVs) protect against hypertension through modulation of gene expression in the
kidneys of spontaneously hypertensive rats (SHRs).

Results

Intravenous administration of AmEVs prevents an increase in blood pressure in SHR recipients
Systolic blood pressure (SBP) was measured using the non-invasive tail-cuff method in SHRs and WKYs before
(Fig. 1A) and after (Fig. 1B) four weeks of intravenous administration of AmEVs. The animals were injected with
either a vehicle or two different dosages of AmEVs: 1.0 x 108 or 1.0 x 10° particles/kg. SBP significantly decreased
in SHRs treated with 1.0 x 10° particles/kg of AmEVs compared to the vehicle group (Fig. 1B). However, histologi-
cal analysis of SHRs and WKYs kidneys revealed no significant differences in tissue structure and fibrotic areas
after intravenous administration of AmEVs at dosages of 1.0 x 10°® or 1.0 x 10° particles/kg (Fig. 2B).

AmEVs increase the mRNA expression of renal RAAS components in SHRs and WKYs
To determine whether intravenous administration of AmEVs affects the mRNA expression of renal renin-angio-
tensin-aldosterone system (RAAS) components in both SHRs and WKYs. In response to AmEV's injection,
an upregulation of angiotensinogen (Agt) mRNA expression was observed in both SHRs and WKYs (Fig. 3A).
Concurrently, renin (Ren) expression exhibited a notable increase exclusively in SHRs (Fig. 3B), emphasizing a
differential response to AmEV's in hypertensive conditions. In contrast, pro-renin receptor (Atp6ap2) expression
showed no significant change (Fig. 3C).

AmEVs intervention also triggered a significant upregulation of angiotensin-converting enzyme 1 (Acel)
mRNA expression in both SHRs and WKYs (Fig. 4A). Notably, Ace2 expression demonstrated a substantial rise,
particularly in WKYs (Fig. 4B) subjected to the higher AmEV's dosage, further highlighting the nuanced effects of
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Figure 1. Effects of AmEVs on the systolic Blood Pressure (SBP) in spontaneously hypertensive rats (SHRs)
and Wistar-Kyoto rats (WKYs). SBP was measured using the tail-cuff method. (A) Baseline SBP readings
before the treatment commenced. (B) SBP readings after intravenous administration of AmEVs for four
weeks. Animals were randomly grouped and injected once a week with either a vehicle or two different dosages
of AmEVs: 1.0x 10® or 1.0 x 10° particles/kg. Treatment with 1.0 x 10°particles/kg of AmEVs significantly
reduced SBP in SHRs. Data are presented as mean = SEM, with n=6 animals per group. Statistical analysis

was performed using a two-way analysis of variance followed by Tukey’s post-hoc multiple comparisons test.
*p<0.05 and **p<0.01 vs. SHR vehicle.
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Figure 2. Histological analysis of SHRs and WKYs kidneys following the intravenous administration of
AmEVs. Representative microscopic images of kidneys from SHRs and WKYs injected with a vehicle or two
different dosages of AmEVs (1.0 x 10® or 1.0 x 10° particles/kg). Kidney sections were stained with hematoxylin
and eosin (H & E) or Masson’s trichrome (Trichrome). Scale bars for 100 x magnification are 50 um (A). The
fibrotic area was quantified using Image] software, and no significant differences in tissue fibrosis were observed,
as presented in graph (B). Data are presented as mean + SEM, with n=6 animals per group. Statistical analysis
was performed using a two-way analysis of variance followed by Tukey’s post-hoc multiple comparisons test.
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Figure 3. Effect of AMEVs on the mRNA expression of angiotensinogen, pro-renin and renin in the kidney

of SHR and WKY rats. The mRNA expression of Agt, Renin and Atp6ap2 was assessed by RT-qPCR in the
kidneys of SHRs and WKYs injected with a vehicle or two different dosages of AmEVs (1.0 x 108 or 1.0x 10°
particles/kg). AmEVs treatment significantly increased the expression of angiotensinogen in both SHRs and
WKYs injected with 1.0 x 10° particles/kg (A) while renin expression increased only in SHRs administered with
1.0x 10° particles/kg (B). However, it did not affect pro-renin receptor expression levels (C). Data are presented
as mean + SEM, with n=6 animals per group. Statistical analysis was conducted using a two-way analysis of
variance followed by Tukey’s post hoc multiple comparisons test. *p <0.05 and **p <0.01 vs. SHR vehicle.

AmEVs on the RAAS components. Examining the downstream receptors, mRNA expression levels of angiotensin
II type 1 receptor a (Atlar) and angiotensin II type 2 receptor (At2r) exhibited a significant increase in both SHRs
and WKYs that were injected with 1.0 x 10° particles/kg of AmEVs (Fig. 5A and B), indicating a comprehensive
impact on angiotensin receptor expression. Additionally, Mas receptor (Mas) expression significantly increases
in SHRs and WKYs with the same AmEVs dosage (Fig. 5C).
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Figure 4. Effect of AMEVs on the mRNA expression of both angiotensin-converting enzyme (ACE) I and
ITin SHR and WKY rats. The mRNA expression levels of Acel and Ace2 were evaluated using RT-qPCR in
the kidneys of SHRs and WKYs following treatment with AmEVs. Animals were administered a vehicle or
two different dosages of AmEVs (1.0 x 10 or 1.0 x 10° particles/kg). AmEVs injection resulted in a significant
increase in Acel expression in both SHRs and WKYs injected with 1.0 x 10° particles/kg (A). Ace2 expression
was significantly elevated only in WKYs administered with the higher dosage (B). Data are presented as
mean + SEM, with n=6 animals per group. Statistical analysis was conducted using a two-way analysis of
variance followed by Tukey’s post hoc multiple comparisons test. *p <0.05 and **p <0.01 vs. SHR vehicle.
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Figure 5. Effect of AMEVs on the mRNA expression of RAAS-associated receptors in both SHR and WKY rats.
The mRNA expression levels of AT1aR, AT2R and Mas1 were examined using RT-qPCR in the kidneys of SHRs
and WKYs following treatment with AmEVs. Animals were administered a vehicle or two different dosages of
AmEVs (1.0 x 10° or 1.0 x 10° particles/kg). AmEVs injection resulted in a significant increase in both AT1aR,
AT2R and Mas! expression in SHRs and WKYs injected with 1.0 x 10° particles/kg (A-C). A moderate elevation
of AT2R and Mas1 expression was observed in WKYs administered with 1.0 x 10® particles/kg (B and C). Data
are presented as mean + SEM, with n=6 animals per group. Statistical analysis was conducted using a two-way
analysis of variance followed by Tukey’s post-hoc multiple comparisons test. *p <0.05 and **p <0.01 vs. SHR
vehicle.

Intravenous administration of AmEVs increases the mRNA expression of ROS-producing
enzymes in SHRs and WKYs
To determine whether the administration of AmEV's affects the mRNA expression of NADPH oxidases (Nox1,
Nox2, and Nox4) in both SHRs and WKYs. AmEVs injection elicited a substantial increase in the mRNA expres-
sion levels of NoxI and Nox2, indicative of heightened oxidative stress, in both SHRs and WKYSs subjected to
the higher dosage of 1.0 x 10° particles/kg (Fig. 6B and C). Concurrently, inducible nitric oxide synthase (Nos2)
expression also significantly increased, further accentuating the impact of AmEV's on the oxidative stress path-
ways (Fig. 6A). Interestingly, a modest elevation in Nox4 expression was observed (Fig. 6D), suggesting a nuanced
response in the regulation of this specific NADPH oxidase.

Contrastingly, AmEVs exhibited no significant effect on the mRNA expression levels of the antioxidant
enzymes superoxide dismutase 1 and 2 (Sod1 and Sod2), as well as catalase (Cat), across all experimental groups
encompassing both SHRs and WKYs (Fig. 7A-C).

Discussion

We demonstrate that Am extracellular vesicles (AmEVs) protect against hypertension through modulation of
gene expression in the kidneys of spontaneously hypertensive rats (SHRs). Our findings show that administering
AmEVs at a dose of 1.0 x 10° particles/kg resulted in an increase in the expression of Agt, Acel, Atlar, At2r, and
MasI in both SHRs and WKYs. We observed a significant rise in Renin expression only in SHRs and a marked
increase in Ace2 exclusively in WKYs. The expression of the pro-renin receptor (Atp6ap2) remained unchanged.
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Figure 6. Effect of AmMEVs on the mRNA expression of reactive oxygen species (ROS) producing enzymes in
SHR and WKY rats. The mRNA expression levels of NADPH oxidases (NOX1, 2, and 4) and inducible nitric
oxide synthase (iNOS), were assessed using RT-qPCR in the kidneys of SHRs and WKYs following treatment
with AmEVs. Animals were administered a vehicle or two different dosages of AmEVs (1.0x 10% or 1.0x 10°
particles/kg). AmEVs injection resulted in a significant increase in Nox I (B,C) and 2, and Nos2 (A) in both
SHRs and WKYs injected with 1.0 x 10° particles/kg, with a slight increase in Nox4 (D) expression levels. Data
are presented as mean + SEM, with n =6 animals per group. Statistical analysis was conducted using a two-way
analysis of variance followed by Tukey’s post-hoc multiple comparisons test. *p <0.05 and **p <0.01 vs. SHR

vehicle.
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Figure 7. Effect of AMEVs on the mRNA expression of antioxidant enzymes in SHR and WKY rats. The
mRNA expression levels of superoxide dismutase 1 (SodI), superoxide dismutase 2 (Sod2), and catalase (Cat)
(A-C) were examined using RT-qPCR in the kidneys of SHRs and WKYs following treatment with AmEVs.
Animals were administered a vehicle or two different dosages of AmEVs (1.0 x 108 or 1.0 x 10? particles/kg).
AmEVs had no significant effect on these enzymes in both SHRs and WKYs across all treatment groups. Data
are presented as mean + SEM, with n=6 animals per group. Statistical analysis was conducted using a two-way
analysis of variance followed by Tukey’s post-hoc multiple comparisons test.

Intravenous administration of 1.0x10°particles/kg AmEVs demonstrated a notable antihypertensive effect
by suppressing the rise in systolic blood pressure (SBP) in SHRs compared to the vehicle group (Fig. 1B). His-
tological analysis of kidney tissues revealed no significant differences in structure and fibrotic areas, indicating
the absence of adverse effects on renal morphology (Fig. 2). However, the administration of AmEVs (1.0 x 10°
particles/kg) led to an increase in the mRNA expression of Acel in both SHRs and WKYs, whereas Ace2 showed
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a significant increase only in WKYs. In SHRs injected with the same AmEVs dosage, there was an observed
increase compared to the vehicle group, although the differences were not statistically significant (Fig. 4). The
observed increase in Acel expression in both SHRs and WKY's may be attributed to the response in ligands and
receptors, especially in normotensive rats, aimed at maintaining stable blood pressure. ACE, primarily known for
cleaving Ang I to Ang II, also cleaves various substrates, including bradykinin?’. Increased Ace2 mRNA expres-
sion holds potential benefits for hypertension by promoting the generation of vasodilatory and anti-inflammatory
peptides, as the enzyme cleaves Ang I into the inactive Ang 1-9, further converted by ACE into the Ang 1-7%.
Besides that, ACE2 also cleaves Ang IT into Ang 1-7 which acts on the G-coupled protein Mas receptor to coun-
teract the effects of Ang II in blood pressure regulation®. Previous studies have indicated that hypertension in
SHRs is associated with an increase in Acel mRNA expression, while Agt, Renin, and Atlar remain relatively
constant when compared to normotensive WKYs?. Furthermore, RAAS-related gene expression in 16-week-old
SHRs and WKYs demonstrated elevated expression in Acel, Ace2, Agt, Atlar, and Atp6ap2 in SHRs compared
to WKYs while MasI and Renin expression between the animal types remain the same?.

AmEVs (1.0x10° particles/kg) intervention resulted in a significant increase in mRNA expression levels of
both Atlar and At2r in both SHRs and WKYs, highlighting an effect on angiotensin receptor expression (Fig. 5A
and B). Activation of AT1aR by Ang II induces elevated intracellular calcium levels, generates reactive oxygen
species (ROS), and triggers vasoconstriction, proliferation, and hypertrophy of vascular smooth cells*”*%. In
contrast, Ang II activation of AT2R exerts a counter-regulatory effect against Ang II/AT1R activation. Concur-
rently, Mas receptor (Mas1) expression significantly increased in response to AmEVs (1.0 x 10? particles/kg),
emphasizing nuanced effects on RAAS components (Fig. 5C). Masl, a G-protein-coupled receptor similar to
AT2R, mediates the effects of Ang 1-7%, acting primarily in opposition to the vasoconstrictive effects of Ang
11 through ATIR. Furthermore, Ang 1-7 has been reported to be antithrombotic, and anti-proliferative®**!.
Previous research indicates that the ACE2/Ang 1-7/Mas axis has protective effects beyond cardiovascular out-
comes, especially in inflammatory control. Under normal conditions, AT2R is expressed at low levels, but their
expression significantly rises under pathological conditions such as hypertension, cardiac hypertrophy, and heart
failure, where their actions predominate over those of AT1R*7*%. The concurrent high expression of Atlar, At2r,
and MasI in SHRs and WKYs injected with AmEVs (1.0 x 10° particles/kg) suggests that AmEV's may have a
cardioprotective effect.

The significant upregulation of angiotensinogen mRNA expression in both SHRs and WKYs upon adminis-
tration of AmEV's 1.0x10° particles/kg underscores a pivotal modulation of this key RAAS precursor. However,
the mRNA expression of Renin showed a significant increase only in SHRs (Fig. 3A and B). In contrast, the
pro-renin receptor (Atp6ap2) showed no significant difference across all groups, suggesting a subtle change in
response to AmEVs in SHRs (Fig. 3C). Previous studies have demonstrated that the use of ACE inhibitors or
angiotensin receptor blockers can elevate the mRNA expression of Agt and Renin in hypertensive rats, attributed
to a compensatory mechanism®~¥. These suggest that further investigation is needed to reveal the exact mecha-
nism involved in this modulation, indicating that the observed genetic modification in renal RAAS activation
may involve a more complex pathway.

Interestingly, our study found that both SHRs and WKYs administered with 1.0x10° particles’kg AmEVs
showed a significant increase in the expression of oxidative stress-related genes, in addition to the responses
observed in the RAAS components. Specifically, Nox1, Nox2, Nox4, and iNOS were substantially upregulated
(Fig. 6). Some studies have reported that Am can decrease reactive oxygen species (ROS) production®. How-
ever, conflicting studies reported that, as a gram-negative bacterium, Am activated lipopolysaccharides (LPS)
in CKD mice, leading to NADPH oxidase-dependent-ROS production®. The abundance of Am may degrade
more mucus in the gut, which could damage the mucosal barrier and cause the leak of inflammatory markers,
resulting in inflammation and the high production of ROS, particularly Nox1 and iNOS***!. It is worth noting
that Nox4 may have a distinct role, releasing hydrogen peroxide (H,0,) which can induce vasorelaxation unlike
Nox1, Nox2, Nox3 and Nox5, which release superoxide*.

However, the mRNA expression of antioxidant-related genes, Sod1 and Sod2 and Cat, showed no significant
differences (Fig. 7). Previous research reported that the activities of SOD, CAT, and GPX were unaffected in
the cortex and medulla of untreated SHRs despite indications of oxidative stress*’. In an Am study where the
supplement was orally administered, it enriched gut-produced bacteria and interacted with them to produce
positive effects*®. As EVs typically contain genetic materials from their parent cells, it is plausible that AmEV's
carry microbial DNA that could induce NADPH oxidases*’. However, the lack of tissue damage observed in our
study indicates that the increased expression of NADPH oxidase did not lead to overt inflammation, outlining
the need for further investigation into the long-term effects of AmEVs administration. It is also important to
note that, while gene expression analysis provides valuable information about transcriptional changes within
cells; it does not directly measure protein levels or activity, which are critical determinants of biological function.

In conclusion, our study provides valuable insights into the complex interplay of molecular pathways underly-
ing the antihypertensive effects of AmEVs in SHRs and WKYs. While the observed changes in RAAS components
and oxidative stress-related genes warrant further investigation, our findings highlight the potential therapeutic
implications of AmEVs in hypertension management. Future studies exploring the long-term effects of AmEVs
administration and their impact on cardiovascular outcomes will be crucial for elucidating the full therapeutic
potential of AMEVs in hypertension and the mechanism behind their modulation of gene expression.

Materials and methods

Am culture and EVs isolation

Bacteria culture and EVs isolation as previously described by Kim et al. Am was obtained from the KCTC Korean
Collection for Type Cultures in Daejeon, South Korea. The bacteria were cultured in a mucin-based medium at
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37 °C until the optical density reached 1.5 at 600 nm. The cultures were then centrifuged at 6000 g for 20 min,
and the supernatants were filtered using a 0.22 pm pore filter. The filtrate was pelleted by ultracentrifugation in
a 45 Tirotor at 100,000 x g for 2 h at 4 °C. The final pellets were resuspended in phosphate-buffered saline (PBS)
and stored at— 80 °C. The extracted EVs were assessed using transmission electron microscopy (TEM) and
protein band patterns were compared between bacterial pellets and EV's using SDS-PAGE with silver staining*®.

Animals

Tissue samples for this study were sourced from a prior experiment*®. These samples were obtained post-anes-
thetization via intraperitoneal injection of 50 mg/kg sodium pentobarbital, stored at -80 °C, and thawed at room
temperature for the current study. In vivo experiments conducted were approved by the Kyungpook National
University Clinical Review Board (approval number 2022-0456), and all procedures for animal experiments
described in this study complied with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals as well as the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. Emphasis was
placed on minimizing animal usage and reducing suffering Four-week-old male spontaneous hypertensive rats
(SHRs) and Wistar Kyoto rats (WKYs) were procured from Japan SLC (Hamamatsu, Shizuoka, Japan). After
two weeks of acclimatization, rats received weekly doses of either vehicle (PBS, Gibco), 1.0 x 108, or 1.0x 10°
particles/kg of Akkermansia muciniphila extracellular vesicles (AmEVs) for 4 weeks. Random assignment was
ensured, and the rats had ad libitum access to food (SAFE® D40; Paris, France) and water.

Blood pressure measurement

The systolic blood pressure (SBP) was assessed using the non-invasive tail-cuff method. Rats underwent a pre-
heating phase on a hotplate at 35 °C for 10 min and were subsequently positioned in plastic restrainers. A cuff,
equipped with a pneumatic pulse sensor, was secured around the tail. The CODA system (Kent Scientific Cor-
poration, Torrington, CT, USA) recorded blood pressure values while heating. The average blood pressure was
calculated from a minimum of ten consecutive readings per rat (Supplementary information).

Histological analysis

The kidneys were fixed in 4% formalin, dehydrated, and embedded in paraffin using conventional methods.
Paraffin-embedded samples were sectioned to a thickness of 3 um. Sections were stained with hematoxylin and
eosin (H&E, BBC Biochemical, McKinney, TX, USA) and Masson’s trichrome (BBC Biochemical). After staining,
slides were examined using light microscopy. The area of kidney fibrosis was measured using ImageJ software
(National Institute of Health, Bethesda, MD, U.S.A).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).

Tissues (approximately 100 mg) were homogenized in liquid nitrogen with a glass homogenizer. Total RNA
was extracted using QIAzol® Lysis Reagent (QIAGEN Science, Germantown, MD, USA) following the manu-
facturer’s instructions. The extracted RNA was then converted into cDNA using RevertAid™ First-Strand cDNA
Synthesis Kit (ThermoFisher Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. RT-qPCR
was then performed using a QuantStudio 5 real-time PCR instrument (Thermo Fisher Scientific). The reaction
solution (10 pL) comprised 5 pL of SYBR Green master mix (New England Biolabs, Ipswich, MA, USA), 2 uL
of water, 2 puL of cDNA, and 1 pL of primer set (200 nmol/L). The RT-qPCR was conducted as follows: 2 min
at 50 °C, 10 min at 95 °C, and 40 cycles at 95 °C for 15 s, followed by 1 min at 60 °C. 22 — AACt was calculated
using GAPDH as a reference gene to determine relative mRNA expression levels. Primer sets used in this study
are presented in Table 1.

Statistical analysis
Data were expressed as mean + standard error of the mean (SEM). Statistical analyses were performed using
Graph Pad Prism 8 (GraphPad Software, San Diego, CA, U.S.A.) with a p-value of <0.05 considered significant.

Scientific Reports |

(2024) 14:20056 | https://doi.org/10.1038/s41598-024-69757-x nature portfolio



www.nature.com/scientificreports/

Genes for rat (accession no.) Primer sequence (5’ -3’)

AGT (NM_134432)

F: AGAACCCCAGTGTGGAGACG
R: AGCCAACCTTTGAGCCTGTGCCCA

RENIN (NM_012642)

F: GTAACTGTGGGTGGAATCATTGTG
R: TGGGAGAGAATGTGGTCGAAGA

ACE1 (NM_12544)

F: CGGGTCGCAGAGGAATTCTT
R: CCTGAAGTCCTTCCTGTTGTAGA

ACE2 (NM_001012006.2)

F: TCAGAGCTGGGATGCAGAAA
R: GGCTCAGTCAGCATGGAGTTT

AT1Ra (NM_030985.4)

F: GGAGAGGATTCGTGGCTTGAG
R: CTTTCTGGGAGGGTTGTGTGAT

AT2R (NM_012494.3)

F: CATCACCAGCAGTCTTCCTTTTG
R: AAAACAGTGAGACCACAACAATGT

MASI1 (XM_039101421.1)

F: ACTGCCGGGCGGTCATCATC
R: GGTGGAGAAAAGCAAGGAGA

ATP6AP2 (NM_001007091.1)

F: GGTGACAGTGAAGGGGGTA
R: GGGCCAACTGCAAAACTACA

NOS2 (XM_039085203.1)

F: GGACCACCTCTATCAGGAA
R: CCTCATGATAACGTTTCTGGC

NOX1 (NM_053683.2)

F: AATTGGTCTCCCAAAGGAGGT
R: CAGGTAGAGAACAAGGTCCC

NOX2 (NM_023965.1)

F: GCATTCACACACCACTCCAC
R: TCCTTCCTCTCCTAAGGC

NOX4 (NM_053524.1)

F: AAAACCCTCCAGGCAAAGAT
R: TCGTCGTCGTCGTACATCTT

SOD1 (NM_017050.1)

F: GCAGGGCGTCATTCACTT
R: AGACTCAGACCACATAGGGA

SOD2 (NM_017051.2)

F: AGCTAGGCTTCCTGACTGACA
R: AGGCCCTGCATACTTTGTCC

CAT (NM_012520.2)

F: GAGACAGTGTACTGCAAGTTCC
R: GGGACAGTTCACAGGTATCTGC

GAPDH (NM_001394060.2)

F: ATGACTCTACCCACGGCAAG
R: CTGGAAGATGGTGATGGGTT

Table 1. Primer sequences for RT-qPCR.

Data availability
The data supporting these findings is available upon request from the corresponding author, inkim@knu.ac kr.

Received: 6 February 2024; Accepted: 8 August 2024
Published online: 29 August 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

Derrien, M., Vaughan, E. E,, Plugge, C. M. & De Vos, W. M. gen. nov., sp nov., a human intestinal mucin-degrading bacterium.
Int J Syst Evol Micr 54, 1469-1476, https://doi.org/10.1099/ijs.0.02873-0 (2004).

Zhou, K. Q. Strategies to promote abundance of, an emerging probiotics in the gut, evidence from dietary intervention studies. J.
Funct. Foods 33, 194-201. https://doi.org/10.1016/j.jf£.2017.03.045 (2017).

Ghotaslou, R. et al. The metabolic, protective, and immune functions of Akkermansia muciniphila. Microbiol. Res. https://doi.org/
10.1016/j.micres.2022.127245 (2023).

. Wu, W.R. et al. alleviates high-fat-diet-related metabolic-associated fatty liver disease by modulating gut microbiota and bile acids.

Microb. Biotechnol. https://doi.org/10.1111/1751-7915.14293 (2023).

. O'Donnell, J. A, Zheng, T. H., Meric, G. & Marques, F. Z. The gut microbiome and hypertension. Nat. Rev. Nephrol. 19, 153-167.

https://doi.org/10.1038/s41581-022-00654-0 (2023).

. Aloi, N. et al. Extracellular Vesicles and Immunity: At the Crossroads of Cell Communication. Int. J. Mol. Sci. https://doi.org/10.

3390/ijms25021205 (2024).

. Buzas, E. L. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 23, 236-250. https://doi.org/10.1038/

s41577-022-00763-8 (2023).

. Badi, S. A. et al. Microbiota-derived extracellular vesicles as new systemic regulators. Front. Microbiol. https://doi.org/10.3389/

fmicb.2017.01610 (2017).

. Fabrega, M. ]. et al. Activation of Imnmune and Defense Responses in the Intestinal Mucosa by Outer Membrane Vesicles of Com-

mensal and Probiotic Escherichia coli Strains. Front Microbiol. 7, 705. https://doi.org/10.3389/fmicb.2016.00705 (2016).

Lee, V.W. S., Wang, Y. P. & Harris, D. C. H. The Role of the Inmune System in the Pathogenesis of Hypertension. Curr. Hypertens.
Rev. 9, 76-84. https://doi.org/10.2174/1573402111309010011 (2013).

Harrison, D. G., Vinh, A., Lob, H. & Madhur, M. S. Role of the adaptive immune system in hypertension. Curr. Opin. Pharmacol.
10, 203-207. https://doi.org/10.1016/j.coph.2010.01.006 (2010).

Rodriguez-Iturbe, B., Pons, H. & Johnson, R. J. Role of the immune system in hypertension. Physiol. Rev. 97, 1127-1164. https://
doi.org/10.1152/physrev.00031.2016 (2017).

DelLalio, L. J., Sved, A. F. & Stocker, S. D. Sympathetic nervous system contributions to hypertension: Updates and therapeutic
relevance. Can. J. Cardiol. 36, 712-720. https://doi.org/10.1016/j.cjca.2020.03.003 (2020).

Sanchez-Lozada, L. G. et al. Sugar, salt, immunity and the cause of primary hypertension. Clin. Kidney J. 16, 1239-1248. https://
doi.org/10.1093/ckj/sfad058 (2023).

Scientific Reports |

(2024) 14:20056 | https://doi.org/10.1038/s41598-024-69757-x nature portfolio


https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1016/j.jff.2017.03.045
https://doi.org/10.1016/j.micres.2022.127245
https://doi.org/10.1016/j.micres.2022.127245
https://doi.org/10.1111/1751-7915.14293
https://doi.org/10.1038/s41581-022-00654-0
https://doi.org/10.3390/ijms25021205
https://doi.org/10.3390/ijms25021205
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.3389/fmicb.2017.01610
https://doi.org/10.3389/fmicb.2017.01610
https://doi.org/10.3389/fmicb.2016.00705
https://doi.org/10.2174/1573402111309010011
https://doi.org/10.1016/j.coph.2010.01.006
https://doi.org/10.1152/physrev.00031.2016
https://doi.org/10.1152/physrev.00031.2016
https://doi.org/10.1016/j.cjca.2020.03.003
https://doi.org/10.1093/ckj/sfad058
https://doi.org/10.1093/ckj/sfad058

www.nature.com/scientificreports/

15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
. Lee, H. A, Lee, D. Y, Lee, H. J., Han, H. S. & Kim, I. Enrichment of (pro)renin receptor promoter with activating histone codes

26.

27.
28.
29.
30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.
41.
42.

43.

44.
45.

46.

Crowley, S. D. & Rudemiller, N. P. Immunologic effects of the renin-angiotensin system. J. Am. Soc. Nephrol. 28, 1350-1361. https://
doi.org/10.1681/Asn.2016101066 (2017).

Caputo, L, Bertoldi, G., Driussi, G., Cacciapuoti, M. & Calo, L. A. The RAAS Goodfellas in Cardiovascular System. J. Clin. Med.
https://doi.org/10.3390/jcm12216873 (2023).

Patel, S., Rauf, A., Khan, H. & Abu-Izneid, T. Renin-angiotensin-aldosterone (RAAS): The ubiquitous system for homeostasis and
pathologies. Biomed. Pharmacother. 94, 317-325. https://doi.org/10.1016/j.biopha.2017.07.091 (2017).

Yang, Z. H. et al. 2023 Gut microbiota and hypertension: association, mechanisms and treatment. Clin. Exp. Hypertens.
10(1080/10641963), 2195135 (2023).

Li, J. et al. Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome https://doi.org/10.1186/s40168-
016-0222-x (2017).

Yan, Q. L. et al. Alterations of the gut microbiome in hypertension. Front. Cell. Infect. Microbiol. https://doi.org/10.3389/fcimb.
2017.00381 (2017).

Kim, S. et al. Imbalance of gut microbiome and intestinal epithelial barrier dysfunction in patients with high blood pressure. Clin.
Sci. 132, 701-718. https://doi.org/10.1042/Cs20180087 (2018).

Shen, X. Z. et al. Tissue specific expression of angiotensin converting enzyme: a new way to study an old friend. Int. Immunophar-
macol. 8, 171-176. https://doi.org/10.1016/j.intimp.2007.08.010 (2008).

Donoghue, M. et al. A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin
1-9. Circ. Res. 87, E1-E9. https://doi.org/10.1161/01.res.87.5.e1 (2000).

Santos, R. A. Angiotensin-(1-7). Hypertension 63, 1138-1147. https://doi.org/10.1161/Hypertensionaha.113.01274 (2014).

in the kidneys of spontaneously hypertensive rats. J. Renin-Angio-Aldo S 13, 11-18. https://doi.org/10.1177/1470320311415738
(2012).

Williamson, C. R., Khurana, S., Nguyen, P, Byrne, C.J. & Tai, T. C. Comparative analysis of renin-angiotensin system (RAS)-related
gene expression between hypertensive and normotensive rats. Med. Sci. Monit. Basic. 23, 20-24. https://doi.org/10.12659/Msmbr.
901964 (2017).

Aurelie, N. D. C. & Touyz, R. M. Cell Signaling of Angiotensin II on Vascular Tone: Novel Mechanisms. Curr. Hypertens. Rep. 13,
122-128. https://doi.org/10.1007/s11906-011-0187-x (2011).

Cat, A. N. D., Montezano, A. C., Burger, D. & Touyz, R. M. Angiotensin II, NADPH Oxidase, and Redox Signaling in the Vascu-
lature. Antioxid. Redox. Sign. 19, 1110-1120. https://doi.org/10.1089/ars.2012.4641 (2013).

Santos, R. A. S. et al. Angiotensin-(1-7) is an endogenous ligand for the G protein-coupled receptor Mas. P Natl. Acad. Sci. USA
100, 8258-8263. https://doi.org/10.1073/pnas.1432869100 (2003).

Fraga-Silva, R. A. et al. The antithrombotic effect of angiotensin-(1-7) involves mas-mediated NO release from platelets. Mol.
Med. 14, 28-35. https://doi.org/10.2119/2007-00073.Fraga-Silva (2008).

Lavrentyev, E. N. & Malik, K. U. High glucose-induced Nox1-derived superoxides downregulate PKC-pII, which subsequently
decreases ACE2 expression and ANG(1-7) formation in rat VSMCs. Am. J. Physiol.-Heart C 296, H106-H118. https://doi.org/10.
1152/ajpheart.00239.2008 (2009).

Widdop, R. E., Jones, E. S., Hannan, R. E. & Gaspari, T. A. Angiotensin AT2 receptors: cardiovascular hope or hype?. Br. J. Phar-
macol. 140, 809-824. https://doi.org/10.1038/sj.bjp.0705448 (2003).

Paulis, L. et al. Direct angiotensin II type 2 receptor stimulation in Nomega-nitro-L-arginine-methyl ester-induced hypertension:
the effect on pulse wave velocity and aortic remodeling. Hypertension 59, 485-492. https://doi.org/10.1161/HYPERTENSIONAHA.
111.185496 (2012).

Yang, J. M. et al. Comparison of angiotensin-(1-7), losartan and their combination on atherosclerotic plaque formation in apoli-
poprotein E knockout mice (vol 240, pg 544, 2015). Atherosclerosis 345, 55-56. https://doi.org/10.1016/j.atherosclerosis.2022.01.
019 (2022).

Bolterman, R. J., Manriquez, M. C., Ruiz, M. C. O,, Juncos, L. A. & Romero, J. C. Effects of captopril on the renin angiotensin
system, oxidative stress, and endothelin in normal and hypertensive rats. Hypertension 46, 943-947. https://doi.org/10.1161/01.
HYP.0000174602.59935.d5 (2005).

Hu, W. Y., Chen, D. G,, Chen, S. C,, Jin, X. Q. & Wang, H. J. Effect of chronic captopril treatment on circulating and tissue renin-
angiotensin system in SHR rats. Zhongguo Yao Li Xue Bao 17, 507-512 (1996).

Zou, L. X., Hymel, A,, Imig, J. D. & Navar, L. G. Renal accumulation of circulating angiotensin II in angiotensin II infused rats.
Hypertension 27, 658-662. https://doi.org/10.1161/01.Hyp.27.3.658 (1996).

Xie, S. et al. Indispensable role of melatonin, a scavenger of reactive oxygen species (ROS), in the protective effect of in cadmium-
induced intestinal mucosal damage. Free Radical Bio. Med. 193, 447-458. https://doi.org/10.1016/j.freeradbiomed.2022.10.316
(2022).

Lakshmanan, A. P, Al Zaabi, M., Ali, B. H. & Terranegra, A. The influence of the prebiotic gum acacia on the intestinal microbi-
ome composition in rats with experimental chronic kidney disease. Biomed. Pharmacother. https://doi.org/10.1016/j.biopha.2020.
110992 (2021).

Ghaffari, S. et al. from its critical role in human health to strategies for promoting its abundance in human gut microbiome. Crit.
Rev. Food Sci. 63, 7357-7377. https://doi.org/10.1080/10408398.2022.2045894 (2023).

Matziouridou, C. et al. iNOS- and NOX1-dependent ROS production maintains bacterial homeostasis in the ileum of mice. Mucosal
Immunol. 11, 774-784. https://doi.org/10.1038/mi.2017.106 (2018).

Nisimoto, Y., Diebold, B. A., Cosentino-Gomes, D. & Lambeth, J. D. Nox4: A Hydrogen Peroxide-Generating Oxygen Sensor (vol
53, pg 5111, 2014). Biochemistry-Us 53, 5472-5472. https://doi.org/10.1021/bi5010156 (2014).

Zhan, C. D,, Sindhu, R. K,, Pang, ., Ehdaie, A. & Vaziri, N. D. Superoxide dismutase, catalase and glutathione peroxidase in the
spontaneously hypertensive rat kidney: effect of antioxidant-rich diet. J. Hypertens 22, 2025-2033. https://doi.org/10.1097/00004
872-200410000-00027 (2004).

Zhang, L. et al. Akkermansia muciniphila can reduce the damage of gluco/lipotoxicity, oxidative stress and inflammation, and
normalize intestine microbiota in streptozotocin-induced diabetic rats. Pathog. Dis. https://doi.org/10.1093/femspd/fty028 (2018).
Gao, H. et al. Microbial DNA Enrichment Promotes Adrenomedullary Inflammation, Catecholamine Secretion, and Hypertension
in Obese Mice. J. Am. Heart Assoc. https://doi.org/10.1161/JAHA.121.024561 (2022).

Kim, J. Y. et al. extracellular vesicles have a protective effect against hypertension. Hypertens Res. https://doi.org/10.1038/s41440-
024-01627-5 (2024).

Acknowledgements
This research was supported by the Basic Science Research Program through the National Research Foundation
of Korea (NRF), funded by the Ministry of Education, Science and Technology (NRF-2021R1A2B5B02001763,
and 2021R1A4A1021617).

Scientific Reports |

(2024) 14:20056 | https://doi.org/10.1038/s41598-024-69757-x nature portfolio


https://doi.org/10.1681/Asn.2016101066
https://doi.org/10.1681/Asn.2016101066
https://doi.org/10.3390/jcm12216873
https://doi.org/10.1016/j.biopha.2017.07.091
https://doi.org/10.1186/s40168-016-0222-x
https://doi.org/10.1186/s40168-016-0222-x
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.1042/Cs20180087
https://doi.org/10.1016/j.intimp.2007.08.010
https://doi.org/10.1161/01.res.87.5.e1
https://doi.org/10.1161/Hypertensionaha.113.01274
https://doi.org/10.1177/1470320311415738
https://doi.org/10.12659/Msmbr.901964
https://doi.org/10.12659/Msmbr.901964
https://doi.org/10.1007/s11906-011-0187-x
https://doi.org/10.1089/ars.2012.4641
https://doi.org/10.1073/pnas.1432869100
https://doi.org/10.2119/2007-00073.Fraga-Silva
https://doi.org/10.1152/ajpheart.00239.2008
https://doi.org/10.1152/ajpheart.00239.2008
https://doi.org/10.1038/sj.bjp.0705448
https://doi.org/10.1161/HYPERTENSIONAHA.111.185496
https://doi.org/10.1161/HYPERTENSIONAHA.111.185496
https://doi.org/10.1016/j.atherosclerosis.2022.01.019
https://doi.org/10.1016/j.atherosclerosis.2022.01.019
https://doi.org/10.1161/01.HYP.0000174602.59935.d5
https://doi.org/10.1161/01.HYP.0000174602.59935.d5
https://doi.org/10.1161/01.Hyp.27.3.658
https://doi.org/10.1016/j.freeradbiomed.2022.10.316
https://doi.org/10.1016/j.biopha.2020.110992
https://doi.org/10.1016/j.biopha.2020.110992
https://doi.org/10.1080/10408398.2022.2045894
https://doi.org/10.1038/mi.2017.106
https://doi.org/10.1021/bi5010156
https://doi.org/10.1097/00004872-200410000-00027
https://doi.org/10.1097/00004872-200410000-00027
https://doi.org/10.1093/femspd/fty028
https://doi.org/10.1161/JAHA.121.024561
https://doi.org/10.1038/s41440-024-01627-5
https://doi.org/10.1038/s41440-024-01627-5

www.nature.com/scientificreports/

Author contributions

0.Z.Y.: methodology, formal analysis, investigation, data curation, writing the original draft, reviewing and edit-
ing, and visualization. C.W.K.: technical expertise, data analysis, writing—review and editing, project administra-
tion. J.Y.K.: methodology, investigation, formal analysis. S.M.].: Investigation and Writing—Review and Editing.
K.LK.: conceptualization, validation, resources, writing—review and editing, supervision, funding acquisition.
All authors carefully read, revised, and approved the article for submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-69757-X.

Correspondence and requests for materials should be addressed to LK.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:20056 | https://doi.org/10.1038/s41598-024-69757-x nature portfolio


https://doi.org/10.1038/s41598-024-69757-x
https://doi.org/10.1038/s41598-024-69757-x
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Differential gene expression in the kidneys of SHR and WKY rats after intravenous administration of Akkermansia muciniphila-derived extracellular vesicles
	Results
	Intravenous administration of AmEVs prevents an increase in blood pressure in SHR recipients
	AmEVs increase the mRNA expression of renal RAAS components in SHRs and WKYs
	Intravenous administration of AmEVs increases the mRNA expression of ROS-producing enzymes in SHRs and WKYs

	Discussion
	Materials and methods
	Am culture and EVs isolation
	Animals
	Blood pressure measurement
	Histological analysis
	Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
	Statistical analysis

	References
	Acknowledgements


