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Microbial DNA Enrichment Promotes
Adrenomedullary Inflammation,
Catecholamine Secretion, and Hypertension
in Obese Mice
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BACKGROUND: Obesity is an established risk factor for hypertension. Although obesity-induced gut barrier breach leads to the
leakage of various microbiota-derived products into host circulation and distal organs, the roles of microbiota in mediating the
development of obesity-associated adrenomedullary disorders and hypertension have not been elucidated. We seek to ex-
plore the impacts of microbial DNA enrichment on inducing obesity-related adrenomedullary abnormalities and hypertension.

METHODS AND RESULTS: Obesity was accompanied by remarkable bacterial DNA accumulation and elevated inflammation in
the adrenal glands. Gut microbial DNA containing extracellular vesicles (mEVs) were readily leaked into the bloodstream and
infiltrated into the adrenal glands in obese mice, causing microbial DNA enrichment. In lean wild-type mice, adrenal mac-
rophages expressed CRIg (complement receptor of the immunoglobulin superfamily) that efficiently blocks the infiltration of
gut mEVs. In contrast, the adrenal CRIg+ cell population was greatly decreased in obese mice. In lean CRIg~~ or C3~~ (com-
plement component 3) mice intravenously injected with gut mEVs, adrenal microbial DNA accumulation elevated adrenal in-
flammation and norepinephrine secretion, concomitant with hypertension. In addition, microbial DNA promoted inflammatory
responses and norepinephrine production in rat pheochromocytoma PC12 cells treated with gut mEVs. Depletion of microbial
DNA cargo markedly blunted the effects of gut mEVs. We also validated that activation of cGAS (cyclic GMP-AMP synthase)/
STING (cyclic GMP-AMP receptor stimulator of interferon genes) signaling is required for the ability of microbial DNA to trig-
ger adrenomedullary dysfunctions in both in vivo and in vitro experiments. Restoring CRIg+ cells in obese mice decreased
microbial DNA abundance, inflammation, and hypertension.

CONCLUSIONS: The leakage of gut mEVs leads to adrenal enrichment of microbial DNA that are pathogenic to induce obesity-
associated adrenomedullary abnormalities and hypertension. Recovering the CRIg+ macrophage population attenuates
obesity-induced adrenomedullary disorders.
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for arterial hypertension. It has been reported by ble to develop high blood pressure.’:? Although various
the Framingham Heart Study that 60% to 70% mechanisms underlying obesity-associated hyper-
of essential hypertension results from obesity, and tension have been suggested, including increased

Obesity is recognized as an independent risk factor patients who are obese are 3.5 times more suscepti-
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CLINICAL PERSPECTIVE

What Is New?

e Gut extracellular vesicles connect host adre-
nomedullary cells and microbiota in obesity.

e Microbial DNA containing intestinal extracellu-
lar vesicles promote obesity-associated adrenal
gland inflammation and dysfunction.

What Are the Clinical Implications?

¢ Restoring CRIg+ (complement receptor of the
immunoglobulin  superfamily)  macrophage
population could blunt obesity-induced adre-
nomedullary disorders.

Nonstandard Abbreviations and Acronyms

CRIg complement receptor of the
immunoglobulin superfamily

HFD high-fat diet

KC Kupffer cells

mEVs  microbial DNA containing intestinal

extracellular vesicles

sympathetic tone,®® overactivation of the renin—
angiotensin system,® elevation of aldosterone levels,
endothelial dysfunction,” and mechanical compression
of the kidney,? it is yet to be established how obesity
triggers the above changes to cause hypertension.
Because dysregulated secretion of norepinephrine
and epinephrine is a feature in chronic obesity in
both animal and human models,® we sought to ex-
plore whether microbial DNA enrichment because of
obesity-induced increase in gut permeability causes
inflammation of the adrenal medulla,’® resulting in in-
creased secretion of catecholamines and the subse-
quent development of hypertension. Although chronic
and low-degree tissue inflammation is a hallmark of
obesity, the role of obesity-induced adrenal inflamma-
tion in mediating the adrenomedullary function is much
less clearly defined.'0"2

Gut barrier breach is one of the characteristics of
obesity, resulting in elevated levels of translocation of
microbiota-derived products into host circulation and
distal tissues.*'® Compelling evidence indicates that
obesity is concomitant with microbial DNA enrichment
in host circulation and tissues.'®?® In addition, several
studies have suggested that circulating microbial DNA
species could be biomarkers that precisely mirror
the stages of metabolic disease development.'®2224
Extracellular vesicles (EVs) are important carriers
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harboring various cargo, such as RNA, DNA, lipids, and
proteins, transporting through circulation between the
neighboring or distant cells.?® It has been known that mi-
crobiota can secrete EVs.?%2” More importantly, our pre-
vious study has shown that microbiota-derived bacterial
DNA-containing EVs (mEVs) are readily translocated
from the gut lumen into the host bloodstream and distal
metabolic tissues in obesity, resulting in obesity-related
tissue inflammation and insulin resistance.?® Therefore,
these lead us to hypothesize that, in the context of obe-
sity, gut mEVs could infiltrate into adrenal glands and
cause microbial DNA accumulation that triggers adre-
nomedullary inflammation and dysfunction.

Although liver immunoglobulin superfamily (CRIg
[complement receptor of the immunoglobulin super-
family])+ macrophages play important roles in filtering
bacteria and their byproducts in the blood flowing from
the intestine through the hepatic portal vein, there is
a remarkable reduction in CRIg+ macrophages in the
context of obesity.?®3° We have shown that CRIg+
macrophages can capture gut mEVs from the blood-
stream through a complement protein C3 (comple-
ment component 3)-mediated mechanism, whereas
depletion of either CRIg or C3 leads to the spread of
gut mEVs into distal tissues.?83%-33 |n addition to the
liver, CRIg+ macrophages also reside in other tissues
such as pancreatic islets.®*3% An early study also re-
ports that human adrenal glands harbor a high level
of CRIg+ macrophages.®® However, whether adrenal
gland resident CRIg+ macrophages exert protection
from the infiltration of gut mEVs and bacterial DNA ac-
cumulation is still unknown.

Here, we report that microbial DNA enrichment
causes adrenomedullary dysfunction in the context of
obesity, resulting in elevated circulating norepinephrine
levels and the subsequent development of hyperten-
sion. Adrenal gland CRIg+ macrophages exert suffi-
cient protection from the penetration of gut mEVs,
whereas the CRIg+ cell population is greatly reduced
in obese adrenal glands. We further confirm that mi-
crobial DNA cargo contributes to the effects of gut
mEVs by activating the cGAS (cyclic GMP-AMP syn-
thase)/STING (cyclic GMP-AMP receptor stimulator of
interferon genes) pathway in adrenal chromaffin cells.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Animal Care and Use

cGAS~ (stock number 026554), C3~/~ (stock number
029661), Cre-inducible DTR mice (ROSA26iDTR) (stock
number 007900), and C-type lectin domain family 4,
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member f promoter-driven Cre recombinase (Clec4f-
Cre) (stock number 033296) mice were received from
the Jackson Laboratory. CRIg”~ mice (C57BL/6J
background) were a generous gift from Dr Wenxian
Fu (University of California, San Diego, CA). CRIg wild-
type (WT) mice were produced by crossing CRIg het-
erozygous mice together. All mice were maintained on
a 12:12-hour light—dark cycle. At 8 weeks of age, male
mice were used as recipients for EV injection or fed ad
libitum a high-fat diet (HFD; 60% fat calories, 20% pro-
tein calories, and 20% carbohydrate calories; Research
Diets) or a normal chow diet (Lab Diet) for various dura-
tions. Germ-free C57BL/6 mice were maintained in the
University of California, San Diego Gnotobiotic Mouse
Facility. Germ-free mice were fed an irradiated steri-
lized 60% HFD (06414; Teklad). To deplete Kupffer cells
(KC), diphtheria toxin was intraperitoneally (200 ng/
mouse) injected into Clec4fCre*DTR* lean mice (KC-
KO) for 3 days, and these mice were treated with diph-
theria toxin (200 ng/mouse) every 2 days to prevent KC
recovery. For tissue collection, mice were anesthetized
with an intraperitoneal injection of ketamine (100 mg/
kg) and xylazine (10 mg/kg), followed by euthanizing
by cervical dislocation. All animal procedures were
done in accordance with University of California, San
Diego Research Guidelines for the Care and Use of
Laboratory Animals, and all animals were randomly as-
signed to cohorts when used.

Mouse Blood Pressure Detection

In regard to noninvasive tail-cuff measurement of
blood pressure, systolic blood pressure was measured
indirectly using tail-cuff plethysmography in a mouse
tail-cuff blood pressure system (IITC Life Sciences,
Woodland Hills, CA) as described previously.®® Before
any measurements, the plexiglass restrainers were
warmed in 34 °C warming chambers for 20 minutes.
The mice were then loaded into their restrainers and
allowed to incubate in the same warming chambers
for 10 to 15 minutes. The tails were placed inside inflat-
able cuffs with a photoelectric sensor that measured
tail pulses. Systolic blood pressure was measured
over 5 separate days with an average of at least 2 well-
defined blood pressure cones detected by the tail-cuff
plethysmograph per day.

Measurement of Catecholamines

Mice were anesthetized by inhalation of isoflurane, and
blood was collected from the heart in potassium-EDTA
tubes. Plasma catecholamines were measured by an
ACQUITY UPLC H-Class System fitted with an Atlantis
dC18 column (100A, 3 um, 3x100 mm) and connected
to an electrochemical detector (ECD model 2465;
Waters, Milford, MA). The mobile phase (isocratic:
0.3 mL/min) consisted of phosphate-citrate buffer and
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acetonitrile at 95:5 (vol/vol). The data were analyzed
using Empower 3 software (Waters). Catecholamine
levels were normalized with the recovery of the internal
standard 3,4-dihydroxybenzylamine. Catecholamines
were expressed as nanomole per liter (plasma) or na-
nogram per milligram protein (rat pheochromocytoma
PC12 cells) or picograms per milligram protein (kidney).

In Vivo and In Vitro EV Treatment

For in vitro assays, 1x10’ EVs as determined by
NanoSight analysis were added to 0.1x10° for
24 hours. In addition, for the in vitro rat pheochromo-
cytoma PC12 catecholamine production assay, 5x108
EVs were added to 5x10° rat pheochromocytoma
PC12 cells. For in vivo treatment, recipient mice were
tail-vein injected with 5x10° EVs twice per week. Our
previous study has shown that the amount of bacte-
rial DNA within 5x10° gut mEVs isolated from HFD WT
mice is close to the amount of bacterial DNA in the
bloodstream of 16 weeks HFD WT mice.?®

EV Purification and Characterization

The intestinal EVs were prepared from the small intes-
tine lumen contents of 16 weeks HFD mice with sterile
tools. Debris and dead cells in the lumen contents were
removed by centrifugation at 1000g for 10 minutes and
then filtered through a 0.2-um filter. The supernatant
was then subjected to ultracentrifugation at 100 000g
for 4 hours at 4 °C with a Type 70 Ti fixed-angle rotor
(Beckman Coulter). The EV-containing pellet was re-
suspended in 1-mL sterile PBS and passed through a
0.2-um filter to remove large particles. The particle size
and concentration of intestinal EVs were measured by
NanoSight analysis (Malvern Instruments, Westborough,
MA). For electron microscopy, EVs were fixed with 2%
paraformaldehyde and loaded on Formvar and carbon-
coated copper grids. Then, the grids were placed on 2%
gelatin at 37 °C for 20 minutes, rinsed with 0.15 mol/L
glycine/PBS, and the sections were blocked using 1%
cold water fish-skin gelatin. Grids were viewed using
a JEOL 1200EX II (JEOL) transmission electron micro-
scope and photographed using a Gatan digital camera
(Gatan). To monitor EV trafficking, EVs were labeled with
PKH26 fluorescent dye using the PKH26 fluorescent
cell linker kit (catalog number PKH26GL-1KT; Sigma).
After PKH26 staining, the EVs were washed with ster-
ile PBS and collected by ultracentrifugation (100 000g
for 2 hours) at 4 °C. Finally, PKH26-labeled EVs were
resuspended in sterile PBS, and the particle concentra-
tion was calculated by NanoSight analysis.

In Vivo EV Trafficking Assays

PKH26-labeled EVs (5x10° Evs per mouse) were de-
livered to either normal chow diet or HFD recipient
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mice through either injection into the tail vein or jeju-
num section. Sixteen hours after EV injection, adrenal
glands were collected for detection of the appearance
of PKH26 red fluorescence.

DNA Depletion in Intestinal EVs

The intestinal EV pellet was dissolved in 100-pL PBS. As
previously described, these EVs were loaded into a Gene
Pulser/MicroPulser Cuvettes (Bio-Rad) for electropora-
tion (GenePulser Xcell electroporator; Bio-Rad) and then
treated with DNase (deoxyribonuclease) | (300 U) for
30 minutes at 37 °C. The depletion of bacterial DNA was
confirmed by 16s ribosomal RNA (16s rBNA) quantita-
tive polymerase chain reaction (QPCR) analysis.

Quantification of Bacterial DNA Using
Real-Time Polymerase Chain Reaction
Levels of bacterial DNA were assessed by gPCR
using a Femto Bacterial DNA Quantification Kit (cata-
log number E2006; Zymo Research) by following the
manufacturer’s instructions. Briefly, bacterial DNA were
extracted from EVs or plasma using the ZymoBIOMICS
DNA extraction kits (catalog number D4301; Zymo
Research) according to the manufacturer’s instructions.
The concentration of bacterial DNA in each sample was
determined from the standard curve using a nonlinear
regression 4-parameter variable slope analysis.

siRNA Transfection

Small interfering RNA-cGAS (catalog number J-055608-
09-0002; Horizon; 20 pmol small interfering RNA/0.1x108
rat pheochromocytoma PC12 cells) was transfected into
recipient cells with the lipofectamine RNAIMAX reagent
(catalog number 13778075; ThermoFisher). Small inter-
fering RNA-cGAS was mixed with RNAIMAX reagent
and then incubated at room temperature for 15 minutes.
This mixture was added into the medium of cells. After
24 hours, cells were collected and measured.

CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats)-Cas9
(CRISPR-Associated Protein 9) System for
Transcriptional Activation

Plasmids containing deactivated Cas9-VPR (VP64, p65,
and Rta) system (catalog humber CAS11915) or guide
RNA for V-set and immunoglobulin domain containing
4 (Vsig4) (catalog number GSGM11893-247477006)
were obtained from Horizon. The lentivirus packing
these plasmids were prepared by the University of
California, San Diego vector core. Twelve weeks HFD
WT mice were intravenously injected with these lenti-
viruses (1x108 particles per mouse). Control mice were
treated with lentivirus containing deactivated Cas9-VPR
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and control guide RNA (catalog cnumber VSGC10215;
Horizon). After 4 weeks, CRIg expression in adrenal
glands was evaluated by Western blot analysis.

Immunofluorescence Staining

Adrenal glands of normal chow diet— or HFD-fed mice
were snap frozen in optimum cutting temperature
compound (Fisher Healthcare) with dry ice. Next, 6-pm
cryosections of tissue were cut and fixed with precold
acetone for 20 minutes. Slides were blocked with 5%
normal donkey serum for 60 minutes at room tempera-
ture. The samples were then incubated with anti-CRIg
(catalog number 17-5752-82; ThermoFisher) antibody
diluted 1:100 in PBS at 4 °C overnight. After washing,
nuclei were stained with 4',6-diamidino-2-phenylindole
for 10 minutes at room temperature. Mounting media
and cover slips were then added to slides for imag-
ing. Images were acquired on a Keyence Fluorescent
Microscope and processed with Imaged (National
Institutes of Health, Bethesda, MD).

RNAscope In Situ Hybridization

Combined With Immunofluorescence

We performed RNAscope in situ hybridization to de-
tect 16s rRNA. Mouse adrenal glands were frozen in
optimum cutting temperature compound with dry ice.
Next, 10-um cryosections of tissue were prepared and
fixed with 4% Paraformaldehyde for 15 minutes at 4 °C
and then dehydrated with 50%, 70%, and 100% ethy!
alcohol gradients for 5 minutes each at room temper-
ature. Tissue sections were then treated with hydro-
gen peroxide and protease IV at room temperature for
10 minutes each. 16s RNA probes (catalog number
464461; Advanced Cell Diagnostics) were then added
for 2 hours at 40 °C. Signal amplification and detec-
tion reagents were applied sequentially and incu-
bated in AMP 1, AMP 2, AMP 3, HRP-C1 (RNAscope
Multiplex fluorescent reagent kit v2, catalog number
323100; Advanced Cell Diagnostics), Opal 520 (cata-
log number PNFP1487001KT; Akoya Biosciences),
or Opal 690 (catalog number FP1497001KT; Akoya
Biosciences). Then, samples were immediately pro-
cessed for immunofluorescence. Images were cap-
tured using Leica SP8 confocal microscope.

Isolation of Adrenal Chromaffin Cells

Mouse adrenal glands were digested in Hanks’ bal-
anced salt solution containing papain (40 U/mL) as de-
scribed in previous studies.®"%8

Flow Cytometry Analysis

Cells were dispersed and then stained with
fluorescence-tagged antibodies. These cells were
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analyzed by MA9Q0O flow cytometer (Sony). Data were
analyzed using Flowjo software.

Quantitative Reverse Transcriptase-
Polymerase Chain Reaction Analysis

Total RNA was extracted using the RNA extraction
protocol according to the manufacturer’s instructions.
Complementary DNA was synthesized using SuperScript
[l and random hexamers (high-capacity complementary
DNA reverse transcription kit, catalog number 4368813;
ThermoFisher). gPCR was performed in 10-pL reactions
using the iTag SYBR Green supermix (catalog number
172-5125; Bio-Rad) on a StepOnePlus Real-Time PCR
System (ThermoFisher). The data presented correspond
to the mean of 2-2Ct from at least 3 independent experi-
ments after being normalized to 3-actin.

Western Blot Analysis

Cells or tissues were homogenized in RIPA buffer sup-
plemented with protease and phosphatase inhibitors.
Equal amounts of cell lysate proteins (30 ug of protein
per lane for phosphorylated cyclic GMP-AMP recep-
tor stimulator of interferon genes (pSTING), 10 pg of
protein per lane for cGAS or CRIg detection) from each
biological replicate were subjected to Western blotting.
Using the ChemiDoc XRS imaging system (Bio-Rad),
the protein bands on blots were detected with the
SuperSignal West Pico Chemiluminescent Substrate
(catalog number 34077; ThermoFisher). Protein bands
were analyzed using Image Lab software (Bio-Rad).
Western blot data in figures and supplemental figures
are all representative of >3 independent experiments.
pSTING (catalog number 72971), STING (catalog num-
ber 50494), and cGAS (catalog number 316595) anti-
bodies were obtained from Cell Signaling Technology.

Statistical Analysis

Tests used for statistical analyses are described in
the figure legends. To assess whether the means of
2 groups were statistically different from each other,
an unpaired 2-tailed Student t test was used for sta-
tistical analyses using Prism 8 software (version 8.0;
GraphPad, La Jolla, CA). P values of 0.05 or less were
considered to be statistically significant. Degrees of
significance were indicated in the figure legends.

RESULTS

Bacterial DNA Is Enriched in Adrenal
Glands in the Context of Obesity

Previous studies have shown that obesity is accompa-
nied with the accumulation of bacterial DNA in host cir-
culation and tissues.???428 |n line with these findings, we
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detected high levels of 16s rBNA in the adrenal glands
of 16 weeks high-fat diet (16 weeks HFD) fedWT mice,
whereas no bacterial DNA was detected in lean adre-
nal glands (Figure 1A). In addition, gPCR analysis with
16s rRNA primers indicates that obese adrenal glands
harbored much more 16s rRNA, compared with barely
detectable 16s rRNA abundance in lean adrenal glands
(Figure 1B). Concomitant with bacterial DNA enrichment
in obesity, there were greater levels of proinflammatory
cytokines in the adrenal glands of obese WT mice than
that in lean WT mice (Figure 1C). To examine the im-
pact of external bacterial DNA contamination during
these experiments, we also measured 16s rRNA abun-
dance in the tissues of HFD-fed germ-free mice using
the same protocol. As shown in Figure S1A, there was
no detectable 16s rRNA in these germ-free tissues, thus
validating a minimal level of exogenous bacterial DNA
contamination in our assays. In addition, after 2 weeks
of antibiotics treatment, bacterial DNA abundance was
greatly reduced in obese adrenal glands (Figure S1B).
Gut mEVs can pass through the impaired gut barrier
into host circulation and distal tissues in the context
of obesity.”” Thus, to assess whether intestinal mEVs
were translocated from gut lumen into host adre-
nal glands, gut mEVs were collected from the small
intestinal lumen of 16 weeks HFD-fed WT mice and
labeled with PKH26 red fluorescent dye (Figure S1C
through S1F). These PKH26 mEVs (5x10° EVs per
mouse) were injected into the jejunum section of either
lean or 12 weeks HFD/obese WT recipient mice. After
24 hours, we observed robust red fluorescent signals
in the adrenal glands of obese recipients, demonstrat-
ing the leakage of PKH26 mEVs into adrenal glands in
the context of obesity (Figure 1D). By contrast, PKH26
signals were barely detected in the adrenal glands of
lean WT recipient mice (Figure 1D). Taken together,
these data indicate that the obesity-induced impaired
gut barrier allows for the translocation of gut mEVs into
adrenal glands.

Loss of CRIg+ Macrophages Lead to
the Infiltration of Gut mEVs Into Adrenal
Glands

Our previous study has shown that CRIg+ mac-
rophages play a critical role in blocking the translocation
of gut mEVs into host tissues, whereas the population
of CRIg+ macrophages is remarkably diminished in
both obese humans and mice.?® Consistently, after
an intravenous injection with PKH26 mEVs (5x10° EVs
per mouse), we observed that red fluorescent signals
were spread in the adrenal glands of lean CRIg~~ mice
(Figure 1E). Given that gut EVs harbored bacterial DNA,
the spread of gut EVs led to the enrichment of bacte-
rial DNA in these tissues (Figure 1E and Figure S1E).
In addition, gPCR analysis confirmed that 16s rRNA
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Figure 1. Obesity is associated with bacterial DNA enrichment and inflammation in the adrenal glands.

A, 16s rRNA abundance in the adrenal glands of both normal chow diet (NCD) or high-fat diet (16 weeks HFD)-fed wild-type (WT)
mice. B, Quantitative polymerase chain reaction (QPCR) analysis of 16s rRNA abundance in mouse adrenal glands. C, The expression
levels of proinflammatory genes in the adrenal glands of NCD and 16 weeks HFD WT mice. D, The levels of PKH26 red fluorescence
and 16s rRNA in the adrenal glands after injection of PKH26-labeled gut microbial DNA-containing extracellular vesicles (mEVs) into
the jejunum sections of NCD or 16 weeks HFD WT mice. E, The abundance of PKH26 red fluorescence and 16s rRNA in the adrenal
glands after intravenous injection of PKH26 gut mEVs into lean WT, CRIg~~ (complement receptor of the immunoglobulin superfamily),
or C3~~ (complement component 3) mice. F, gPCR analysis of 16s rRNA levels in the adrenal glands of NCD WT or CRIg~~ mice
after 4 weeks of treatment with obese mEVs. G, The abundance of 16s rRNA in rat pheochromocytoma PC12 cells after 24 hours of
treatment with obese mEVs. H, 16s rRNA enrichment in the adrenal glands of lean C3~~ mice after 4 weeks of treatment with obese
mEVs. Data are representative of 3 experiments (A, D, and E). Data are presented as mean+SEM. P values are determined by unpaired
2-sided Student t test (B, C, G, and H) or 1-way ANOVA analysis (F). DAPI indicates 4’,6-Diamidino-2-28 phenylindole dihydrochloride;
TH tyrosine hydroxylase; and 16s rRNA, 16s ribosomal RNA.

abundance was significantly increased in the adrenal
glands of lean CRIg~~ mice after 4 weeks of treatment
with gut mEVs (5x10° EVs per mouse, 2 injections per
week; Figure 1F). We also observed a remarkable in-
crease in 16s rBNAs within adrenal gland cell rat pheo-
chromocytoma PC12 after 24 hours of treatment with
obese mEVs (Figure 1G).

Complement protein C3 plays important roles in
modulating the ability of CRIg+ macrophages to interact
with gut mEVs.?830 Consistent with our previous obser-
vation, loss of C3 blunted the interaction between CRIg+
macrophages and gut mEVs, as evidenced by robust
red fluorescent signals in the adrenal glands of lean
C3~~ mice intravenously injected with PKH26 mEVs
(5x10° EVs per mouse; Figure 1E). Concomitant with the
infiltration of gut MEVs, bacterial DNA was enriched in
the adrenal glands of lean C3~~ mice injected with gut
mEVs (Figure 1H). Thus, these results indicate the im-
portance of the CRIg—CS3 regulatory axis on blocking the
infiltration of gut MEVs.

Gut mEV Penetration Elevates
Inflammatory Responses and
Norepinephrine Secretion From Adrenal
Medulla

Given that the infiltration of gut mEVs can result in host
cell dysfunction, we next evaluated the impact of gut
mEVs on the responses of adrenal glands in either lean
CRIg~- or C3~~ mice. After 4 weeks of intravenous in-
jection with gut mEVs (5x10° EVs per mouse, 2 injec-
tions per week), lean CRIg™~ or C3~~ mice displayed
elevated levels of inflammatory responses in adrenal
glands compared with control mice treated with empty
liposomes, as shown by greater abundance of proin-
flammatory cytokines in adrenal glands (Figure 2A and
2B). In addition, there were greater levels of circulating
norepinephrine, but not epinephrine, in lean CRIg~- or
C3~~ mice after 4 weeks of treatment with gut mEVs
(Figure 2C and 2D). However, gut mEV treatment did
not affect the concentration of norepinephrine in the
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kidneys and the expression of monoamine oxidase in
adrenal glands of lean CRIg” mice (Figure S2A and
S2B). Consistent with gut mEV-induced increase in
circulating norepinephrine levels, we also observed
that gut mEVs-treated lean CRIg~~ or C3~~ mice ex-
hibited augmented blood pressure than control mice
(Figure 2E and 2F). By contrast, gut mEV treatment had
minimal effects on the adrenal gland responses in lean
WT mice, as evidenced by comparable levels of adrenal
gland inflammation and blood pressure among lean WT
recipient mice (Figures 1F and 2G and Figure S2C). In
addition, without gut mEV treatment, lean CRIg~~ mice
had comparable blood pressure with lean WT mice
(Figure S2D). Given that marked in vivo effects of gut
mEVs, we also evaluated the direct impacts of gut mEVs
on cellular responses in rat pheochromocytoma PC12
cells. After 24 hours of treatment with gut mEVs (1x107
EVs/0.1x10° cells), rat pheochromocytoma PC12 cells
expressed greater levels of proinflammatory cytokines
than the control cells treated with empty liposomes
(Figure 2H). In addition, gut mEV treatment significantly
induced synthesis of norepinephrine in rat pheochro-
mocytoma PC12 cells (Figure 21 and Figure S2E). We
also observed that adrenal chromaffin cells isolated
from lean WT mice resulted in increased expression
of proinflammatory genes after gut mEV treatment
(Figure S2F). Taken together, in the context of loss of
CRIg+ macrophages, infiltration of gut mEVs causes
functional abnormalities in adrenal glands, contributing
to elevated blood pressure.

Microbial DNA Enrichment Induces Adrenal Disorder

Adrenal Gland Resident CRIg+
Macrophages Are Sufficient to Prevent
the Effects of Gut mEVs

Although the liver contains a large amount of CRIg+
macrophages, earlier studies have suggested that
adrenal gland is also one of the main sites harbor-
ing CRIg+ macrophages.®® We can detect a group
of CRIg+ cells in the adrenal glands of lean WT mice
(Figure 3A). More importantly, in adrenal glands, almost
all CRIg signals were colocalized with F4/80+ cells,
suggesting a majority of adrenal gland resident mac-
rophages express CRIg (Figure 3A). By contrast, the
population of CRIg+F4/80+ cells were greatly reduced
in obese adrenal glands (Figure 3A and Figure S3A and
S3B). We next assessed whether adrenal gland CRIg+
macrophages, in the context of knockout of liver CRIg+
macrophages, protect adrenal glands from the infiltra-
tion of gut mEVs. Given that in the liver, CRIg is mainly
expressed on KC,?830 Clec4fCre+DTR+ lean mice
were treated with diphtheria toxin (200 ng/mouse, con-
tinuous 3 days of intraperitoneal injection) to deplete
liver CRIg+ macrophages (KC-KO mice; Figure S3C). In
addition, diphtheria toxin treatment did not affect CRIg
abundance in adrenal glands (Figure S3D and S3E).
More importantly, there was no bacterial DNA de-
tected in the adrenal glands of lean KC-KO mice after
4 weeks of intravenous injection with gut mEVs (5x10°
EVs per mouse, 2 injections per week; intraperitoneal
injections of 200 ng diphtheria toxin per mouse every
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Figure 2. Gut microbial DNA-containing extracellular vesicles (mEVs) induces adrenal inflammation and dysfunction.

Quantitative polymerase chain reaction analysis of proinflammatory genes in the adrenal glands of either normal chow diet (NCD)
CRIg™- (complement receptor of the immunoglobulin superfamily) (A) or C3~- (complement component 3) (B) mice after 4 weeks of
treatment with obese mEVs. The effect of obese mEVs on circulating epinephrine (EPI) and norepinephrine (NE) levels in either lean
CRIg~ (C) or C3~~ (D) mice. Systolic blood pressure (SBP) levels in either lean CRIg~ (E), C3~~ (F), or wild-type (WT) (G) mice injected
with obese mEVs. The abundance of proinflammatory gene abundance (H) and NE production levels (I) of rat pheochromocytoma
PC12 cells after 24 hours treatment with obese mEVs. Data are presented as mean+SEM. P values are determined by unpaired

2-sided Student t test (A through I).
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Figure 3. Adrenal gland resident CRIg+ (complement receptor of the immunoglobulin superfamily) macrophages exert
profound protection from the infiltration of gut microbial DNA-containing extracellular vesicles (mEVs).

A, CRIg abundance within the adrenal glands of normal chow diet (NCD) or 16 weeks high-fat diet (16 weeks HFD) wild-type (WT) mice.
B, The 16s rRNA levels in the adrenal glands of lean Kupffer cell-depleted (KC-KO) mice after 4 weeks of treatment with obese mEVs.
After 2 hours of intravenous injection of PKH26-labeled gut mEVs, the intensity of PKH26 signal was detected in adrenal macrophages
of lean WT (C) or CRIg™~ (D) mice by flow cytometry analysis. Lean mice without EV injection were used as controls. After 4 weeks of
injection with obese mEVs, proinflammatory gene abundance in the adrenal glands (E) and systolic blood pressure (SBP) (F) of lean
KC-KO mice. Data are the representative of 3 experiments (A and B). Data are presented as mean+SEM. P values are determined
by unpaired 2-sided Student t test (C through F). DAPI indicates 4’,6-Diamidino-2-28 phenylindole dihydrochloride; EV, extracellular

vesicle; KC-KO, depletion of Kupffer cells; MFI, median fluorescence intensity; and 16s rRNA, 16s ribosomal RNA.

2 days) (Figure 3B). In addition, after 2 hours of intrave-
nous injection of PKH26-labeled gut mEVs (5x10° EVs
per mouse), adrenal macrophages in lean WT mice
showed elevated PKH26 signals, compared with lean
WT control mice without EV injection (Figure 3C). In con-
trast, in lean CRIg~~ mice, adrenal macrophages failed
to capture PKH26 EVs, as evidenced by comparable
low levels of PKH26 signals among lean CRIg~~ mice
(Figure 3D). Consistent with the absence of bacterial
DNA in the adrenal glands after 4 weeks of treatment
with gut mEVs, lean KC-KO mice had similar levels of
adrenal gland inflammation and blood pressure with
control KC-KO mice (Figure 3E and 3F). Thus, these
results demonstrate that CRIg+ macrophages residing
in the adrenal glands exert profound protection from
the penetration of gut mEVs.

Bacterial DNA Cargo Contribute to the
Pathogenic Effects of Gut mEVs
Concomitant with the infiltration of gut mEVs, the abun-
dance of bacterial DNA was remarkably elevated in the
adrenal glands of lean CRIg~- or C3~~ mice. In addi-
tion, our previous study has demonstrated the critical

J Am Heart Assoc. 2022;11:e024561. DOI: 10.1161/JAHA.121.024561

roles of bacterial DNA cargo within gut EVs.?® We
prepared DNA-free gut EVs using our previously re-
ported method (Figure S4A).28 As expected, treatment
with DNA-free gut EVs did not cause bacterial DNA
accumulation in rat pheochromocytoma PC12 cells
(Figure S4B). Consistent with our previous findings,?®
depletion of bacterial DNA cargo blunted the effects
of gut mEVs, as evidenced by nonsignificant effects
of DNA-free gut EVs on inflammatory responses and
norepinephrine production in rat pheochromocytoma
PC12 cells (Figure 4A and 4B and Figure S4C). In con-
trast, gut mEV treatment led to functional abnormali-
ties in rat pheochromocytoma PC12 cells (Figure 4A
and 4B and Figure S4C). In addition, we confirmed
that DNA-free EV treatment did not lead to bacterial
DNA enrichment in the adrenal glands of lean CRIg~"~
(Figure S4D). More importantly, these CRIg~~ mice
had no significant changes in adrenal gland inflamma-
tion, circulating catecholamine levels, and blood pres-
sure after treatment with DNA-free gut EVs (Figure 4C
through 4E). We also confirmed that microbiota-
derived EVs contributed to the pathogenic effects of
gut EVs, as evidenced by minimal effects of gut EVs
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Figure 4. Microbial DNA is pathogenic cargo for the effects of gut extracellular vesicles (EVs).

A, Quantitative polymerase chain reaction analysis of proinflammatory genes in rat pheochromocytoma PC12 cells after treatment
with either obese microbial DNA containing intestinal extracellular vesicles (mEVs) or DNA-free gut EVs. B, Effect of obese mEVs
or DNA-free EVs on norepinephrine (NE) production of rat pheochromocytoma PC12 cells. Proinflammatory gene abundance (C),
circulating catecholamine levels (D), and systolic blood pressure (SPB) (E) of normal chow diet (NCD) CRIg~- (complement receptor
of the immunoglobulin superfamily). Data are presented as mean+SEM. P values are determined by 1-way ANOVA analysis (A and B).

EPI indicates epinephrine.

collected from 12 weeks HFD germ-free WT mice on
rat pheochromocytoma PC12 cells (Figures S1C, S1D,
S1F, S4A, and S4E). To test the possibility that bacterial
DNA could be bound outside of the EV membrane, we
treated obese gut mEVs with DNase, and then used
these EVs to treat rat pheochromocytoma PC12 cells.
After 24 hours, these gut mEVs resulted in elevated
inflammatory responses in rat pheochromocytoma
PC12 cells (Figure S4F). Thus, these data demonstrate
that microbial DNA is the key cargo contributing to the
pathogenic effects of intestinal EVs.

cGAS/STING Signaling Is Critical for the
Ability of Microbial DNA to Induce Adrenal
Gland Dysfunction

Previous studies, including ours, have demonstrated
that the activation of the cGAS/STING pathway
is required for bacterial DNA-induced cellular re-
sponses.?8:3940 Concomitant with bacterial DNA ac-
cumulation, we observed an enhancement on the
abundance of cGAS and phosphorylated STING in
the adrenal glands of obese WT mice, compared with
lean WT mice (Figure 5A). After 4 weeks of treatment
with gut mEVs, either lean CRIg~~ or C3~~ mice had

J Am Heart Assoc. 2022;11:e024561. DOI: 10.1161/JAHA.121.024561

greater levels of activation of cGAS/STING signaling
in the adrenal glands (Figure 5B and Figure S5A). In
addition, in vitro treatment with gut mEVs led to in-
creased activation of the cGAS/STING pathway in rat
pheochromocytoma PC12 cells (Figure 5C). By con-
trast, consistent with the absence of bacterial DNA
accumulation, gut mEV treatment did not change the
abundance of cGAS and phosphorylated STING in the
adrenal glands of lean KC-KO mice (Figure S5B).

To further assess the importance of the cGAS/STING
pathway on the ability of microbial DNA to induce
adrenal gland dysfunction, we compared the adre-
nal inflammation, circulating catecholamine levels,
and blood pressure between 16 weeks HFD WT and
cGAS™~ mice. As shown in Figure 5D through 5F,
cGAS depletion significantly reduced the levels of
obesity-induced adrenal inflammation, plasma norepi-
nephrine levels, and blood pressure, compared with
obese WT mice. In addition, another cohort of 8 weeks
HFD cGAS~~ mice were intravenously injected with gut
mMEVs (5x10° EVs/mouse, 2 injections per week), and
control HFD cGAS™~ mice were treated with empty li-
posomes. After 4 weeks of treatment, there were com-
parable levels of adrenal gland inflammation and blood
pressure among these cGAS~~ mice (Figure 5G and
Figure S5C through S5E). In the in vitro experiments
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Figure 5. cGAS/STING signaling activation is critical for the effects of microbial DNA.

A, The abundance of cGAS, phospho-STING, and total STING in the adrenal glands of both normal chow diet (NCD) and 16 weeks
high-fat diet (16 weeks HFD) wild-type (WT) mice. B, Effects of obese gut microbial DNA-containing extracellular vesicles (mEVs) on
the activation of cGAS/STING signaling in NCD CRIg~- (complement receptor of the immunoglobulin superfamily) adrenal glands (B)
or rat pheochromocytoma PC12 cells (C). The levels of adrenal inflammation (D), circulating catecholamine (E), and systolic blood
pressure (SBP) (F) of 16 weeks HFD WT vs cGAS~- mice. Effects of obese mEVs on the levels of SBP (G) of 16 weeks HFD cGAS™~
mice. H, The norepinephrine (NE) production of rat pheochromocytoma PC12 cells treated with obese mEVs and/or siRNA-cGAS.
Data are presented as mean+SEM. P values are determined by unpaired 2-sided Student t test (A through F) or 1-way ANOVA analysis
(H). cGAS indicates Cyclic GMP-AMP synthase ; EPI, epinephrine; HSP90, heat shock protein 90; pSTING, phosphorylated STING;
siRNA, small interfering RNA; and STING, the cyclic GMP-AMP receptor stimulator of interferon genes.

using rat pheochromocytoma PC12 cells pretreated system (VP64, p65, and Rta) and guide RNA-Vsig4
with siRNA-cGAS, we also observed that gut mEVs (1x108 particles per mouse; HFD CRIg overexpres-
did not significantly affect cellular responses (Figure 5H sion). After 4 weeks of injection with these lentiviruses,
and Figure S5F through S5H). Taken together, these ~ we observed that the CRIg+ macrophage population
results demonstrate the critical role of cGAS/STING  was restored in the adrenal glands (Figure S6B). More
signaling for the effects of microbial DNA on host ad- importantly, compared with 16 weeks HFD WT con-
renal cells. trols, the levels of bacterial DNA and inflammatory re-

sponses were significantly reduced after recovery of
Restoring CRIg+ Macrophage Population the CRIg+ macrophage proportion (Figure 6A through

Attenuates Obesity-Associated 6C), concomitant with decreased levels of circulating
Adrenomedullary Dysfunction norepinephrine and the consequent decrease in blood

. iy . pressure (Figure 6D and 6E). Thus, these findings indi-
.leetﬂ theﬁ?nt{cal ]Eolest of E\F; g+ maorotpth a?e(:j; n E l?ﬁk' cate that restoring the CRIg+ macrophage population
Ing the & echsRT) gutm Sh We nex lefs ed w I?j elr mitigates obesity-associated dysregulation of catecho-
recovery of RigH macrophage popuiation could a- lamine secretion and the consequent development of
leviate obesity-induced adrenal disorders. Previous

h tension.
studies have demonstrated that deactivated Cas9 can ypertension
fuse to the transcriptional activation domains by spe-
cifically designed guide RNA.4™=44 In addition, the VPR
Y Cesanee 9 DISCUSSION

system (including 3 transcriptional activators VP64,
p65, and Rta) linked to the C-terminal end of deacti- It is well established that obesity is associated with
vated Cas9 activates gene expression (Figure S6A). To hypertension and is prevalent in both children and
reboot the expression of Vsig4 (a gene encoding CRIg),  adults.?*®4¢ Despite intensive research, the mecha-
12 weeks HFD WT mice were intravenously injected nisms underlying obesity-induced hypertension are
with lentivirus carrying both the deactivated Cas9-VPR incompletely understood. Existing literature reveals
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Figure 6. Recovery of CRIg+ (complement receptor of the immunoglobulin superfamily) macrophage population attenuates

obesity-associated adrenal dysfunction.

After 4 weeks of injection with lentivirus harboring deactivated Cas9 and guide RNA-Vsig4, the abundance of bacterial DNA (A),
proinflammatory genes (B), cGAS/STING activation (C) in the adrenal glands, circulating catecholamine (D), and systolic blood
pressure (SBP) (E) of 16 weeks high-fat diet (HFD) wild-type (WT) mice were evaluated. Data are presented as mean+SEM. P
values are determined by unpaired 2-sided Student t test (A through E). Cas9 indicates CRISPR associated protein 9; cGAS, Cyclic
GMP-AMP synthase; CRIgoe, overexpressing CRIg; EPI, epinephrine; HSP90, heat shock protein 90; NE, norepinephrine; pSTING,
phosphorylated STING; STING, the cyclic GMP-AMP receptor stimulator of interferon genes; and Vsig4, V-set and immunoglobulin

domain containing 4.

that high calorie loads in patients with obesity increase
peripheral norepinephrine turnover, which increases
sympathetic nervous system activity.*>* Diminished
baroreflex and insulin sensitivity in patients with obe-
sity have been implicated in further enhancing sym-
pathetic nervous system activity.*® Obesity-induced
hyperinsulinemia has also been reported to contrib-
ute to the development of hypertension through in-
creased sodium retention, causing volume overload
as well as endothelial dysfunction and favoring vaso-
constriction.*549%9 Here we provide strong evidence
that enrichment of microbial DNA in the adrenal me-
dulla leads to inflammation of the adrenal medulla, re-
sulting in increased catecholamine secretion and the
consequent development of hypertension. We have
recently reported that the lack of an anti-inflammatory
peptide catestatin results in infiltration of macrophages
in the adrenal medulla, causing tissue inflammation,
increased catecholamines secretion, and hyperten-
sion.®® Inflammation is a key pathophysiologic factor
driving hypertension, and obesity is characterized by
chronic and low-degree inflammation. The world-wide
obesity epidemic is paralleling a growth in hyperten-
sion prevalence. Therefore, understanding the mecha-
nisms underlying obesity-associated hypertension is

J Am Heart Assoc. 2022;11:e024561. DOI: 10.1161/JAHA.121.024561

necessary for future therapeutic development. In this
study, we have assessed the impacts of microbial DNA
enrichment on the incidence of obesity-associated
adrenomedullary inflammation and hypertension. We
found that obesity is associated with a high abundance
of bacterial DNA in the adrenal glands, concomitant
with elevated level of adrenal inflammation. In the con-
text of obesity, gut mEVs are readily translocated into
distal adrenal glands and contribute to the enrichment
of microbial DNA in these tissues. By contrast, there
was no detectable bacterial DNA in the adrenal glands
of lean and healthy WT mice. We found that adrenal
gland resident macrophages are CRIg+ cells and exert
profound protection from the infiltration of gut mEVs,
whereas the population of these adrenal CRIg+ cells
are largely diminished in obesity. In lean CRIg~~ or C3~~
mice treated with gut mEVs, adrenal microbial DNA en-
richment results in elevated levels of adrenomedullary
inflammation and catecholamine secretion, concomi-
tant with hypertension. In addition, in vitro treatment
with gut mEVs directly enhances inflammation and
catecholamine secretion levels in rat pheochromocy-
toma PC12 cells. By contrast, depletion of microbial
DNA blunts the effects of gut mEVs. However, these
results cannot exclude the effects of other pathogenic
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factors leaked from gut lumen on obesity-associated
adrenal dysfunction. We also confirm that the activa-
tion of the cGAS/STING pathway is required for the
ability of microbial DNA to trigger cellular dysfunctions.
Finally, rebooting CRIg expression significantly attenu-
ates obesity-associated adrenal disorder.

The leakage of microbiota-derived products is in-
creased in obese human and animal models, because
of the impaired gut barrier."®'"'® In line with previous find-
ings,?%2428 g great amount of bacterial DNA was present
in obese adrenal glands. We have demonstrated that
microbiota-derived EVs harbored microbial DNA and
played a critical role in delivering this cargo into distal
host tissues. There may be other ways that result in the
enrichment of bacterial DNA in host tissues. For exam-
ple, previous studies suggest that gut microbiota could
penetrate through the obese gut barrier into host circu-
lation and tissues.'®?%%" However, Zulian et al reported
that there is a rare existence of bacteria in obese host
tissues, suggesting that bacteria hardly escape from
gut lumen in obesity.®? Previous studies suggest that a
healthy gut barrier can selectively allow microbial prod-
uct to secrete into host circulation.535 However, in our
studies, gut mEVs cannot pass through the healthy in-
tact gut barrier, as evidenced by no detectable red fluo-
rescent signals and bacterial DNA in the adrenal glands
of lean WT mice after being injected with PKH26-labeled
gut mEVs into the jejunum section.

Our previous study has demonstrated the critical
role of CRIg+ macrophages in blocking the spread of
gut mEVs into host tissues.?® In addition to the liver,
consistent with previous findings,® we also observed
that most of the adrenal tissue resident macrophages
express CRIg in lean WT mice. In contrast, obese ad-
renal glands contained a much lower amount of CRIg+
macrophages. Using lean KC-KO mice, we further val-
idated that adrenal CRIg+ macrophages also exerted
profound protection from the infiltration of gut mEVs.

It has been well known that obesity is accompanied
by chronic and low-degree inflammatory responses in
various tissues." Several studies have also reported
that both human and animal adrenal cells can produce
proinflammatory cytokines, including IL-1B (interleu-
kin-183), TNFa (tumor necrosis factor-a), IFN-y (interfer-
on-y), and CCL2 (CC-chemokine ligand 2), in response
to various stress.%®% We also observed that obese
adrenal chromaffin cells produced elevated levels of
proinflammatory cytokines, suggesting an active in-
flammatory status in obese adrenal medulla. Although
previous studies suggest that elevated circulating
proinflammatory cytokines can trigger adrenomedul-
lary abnormalities, obesity-induced adrenomedullary
production of proinflammatory cytokines may also act
as autocrine factors eventuating in adrenal catechol-
amine secretion disorder.'®%"%8 More importantly, in
both in vivo and in vitro experiments, we observed that
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gut mEVs-induced accumulation of bacterial DNA pro-
moted the production of adrenal proinflammatory me-
diators, whereas treatment with DNA-free gut EVs had
minimal effects on adrenal inflammation. Thus, these
findings indicate that bacterial DNA plays an important
role in inducing obesity-associated adrenomedullary
inflammation and hormonal dysfunction.

Previous studies, including ours, have demonstrated
that cGAS/STING signaling is required for the ability of
microbial DNA to modulate host cell responses.?®4°
Consistently, there was also improvement in the ac-
tivation of cGAS/STING signaling in adrenal cells after
gut mEV-induced bacterial DNA accumulation in both
in vivo and in vitro assays. More importantly, activation
of cGAS/STING signaling plays a critical role in bac-
terial DNA-mediated adrenomedullary inflammation
and catecholamine secretion disorders, as shown by
minimal functional changes in cGAS knockout adre-
nal cells in response to gut mEV treatment. Previous
studies also indicate that canonical inflammatory path-
ways, such as NFkB (nuclear factor kappa B subunit)-
associated signaling, play critical roles in mediating
adrenomedullary inflammatory responses.®®=6' In ad-
dition to the cGAS/STING pathway, other studies have
reported that theTLR9 (toll-like receptor 9) or the AIM2
(absent in melanoma 2) inflammasome exert profound
function on sensing pathogenic DNA. %283 Endosomall
membrane receptor TLR9 specifically detects CpG
hypomethylated DNA to protect from virus and other
pathogens.®* AIM2 inflammasome activation is initiated
by double stranded DNA and leads to proteolytic mat-
uration of the pro-inflammatory cytokines.®® However,
whether TLR9 or AIM2 participate in sensing microbial
DNA in adrenal medulla is still unknown.

CONCLUSIONS

We have shown that microbial DNA accumulation leads
to obesity-associated adrenomedullary dysfunction
leading to hypertension. We demonstrated the criti-
cal roles of adrenal resident CRIg+ macrophages and
put forward a novel concept of how obesity induces
hypertension through microbial DNA-induced adre-
nomedullary abnormalities, thereby providing a poten-
tial therapeutic target for obesity-related hypertension.
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Figure S1. Characteristics of gut mEVs collected from 16wks HFD WT mice, related to Figure 1. A, The existence of 16s rRNA in the pancreatic tissue of 16wks HFD germ-free mice. Data
are the representative of three experiments. B, Bacterial DNA abundance in adrenal glands of obese mice after 2 weeks antibiotics treatment. C, The particle sizes of gut EVs were measured by
NanoSight analysis. D, The morphology of gut EVs examined by electron microscopy analysis. Red arrows indicate extracellular vesicles. E, gPCR analysis of 16s rRNA levels in the EVs isolated
from small intestinal (SI) lumen of lean WT or 16wks HFD WT mice. F, The production of EVs yielded from small intestinal gut lumen contents. NCD, normal chow diet; HFD, high fat diet. SPF,
specific-pathogen free. Data are presented as mean + SEM. P values are determined by unpaired two-side Student’s {-test (B and F).
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Figure S2. Effects of obese gut mEVs on lean WT mice, related to Figure 2. Norepinephrine (NE) levels in the kidney (A) and monoamine oxidase abundance in adrenal glands (B) of lean
CRIg”’ mice after 4 weeks treatment with gut mEVs. C, gPCR analysis of proinflammatory genes in the adrenal glands of lean WT mice after 4wks treatment with obese mEVs. D, The levels of
systolic blood pressure (SBP) of lean WT and CRIg” mice. E, The abundance of genes associated with catecholamine synthesis in PC12 cells after 24 hours treatment with obese mEVs. F,
Effects of gut mEVs on proinflammatory gene expression in primary chromaffin cells isolated from lean WT mice. Data are presented as mean + SEM. P values are determined by
unpaired two-side Student’s t-test (E and F).
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Figure S3. The important roles of adrenal CRIg+ macrophages, related to Figure 3. A and B, Effect of obesity on CRIg abundance in adrenal glands. C, Validation of Kupffer cell
(CD11b'owF4/80Mdh) depletion after lean Clec4fCre*DTR* mice injected with diphtheria toxin (DT) (KC-KO). D, Effect of DT treatment on CRIg abundance in adrenal glands of lean
Clec4fCre*DTR* mice. E, Flow cytometry analysis of CRIg+F4/80+ cells in adrenal glands of lean WT and KC-KO mice. Data are presented as mean + SEM. P values are determined by unpaired

two-side Student’s t-test (A-C).
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Figure S4. The importance of microbial DNA cargos, related to Figure 4. A, gPCR analysis of 16s rRNA abundance within gut EVs after treatment with electroporation and DNase or gut EVs
collected from germ-free mice. n.d. non-detectable. 16s rRNA abundance in PC12 cells (B) or the adrenal glands of NCD CRIg”- (D) mice after treatment with DNA-free EVs. C, The abundance of
key genes associated with catecholamine synthesis in PC12 cells after treatment with either obese mEVs or DNA-free EVs. E, Effects of germ-free gut EVs (GF gut EVs) on PC12 cell
inflammation. F, Effects of DNase-treated obese gut mEVs (without electroporation) on PC12 inflammation. Data are presented as mean + SEM. P values are determined by unpaired two-side

Student’s t-test (A and F) or one-way ANOVA (C and E).



A NCD C37- +Obese mEVs B NCD KC-KO  +Obese mEVs C ® HFD cGAS™ D E
= 50kDa  CGAS [FE SRR R e e 75kDa 41 m +Obese mEvs 257 @ gwks HFD cGAS™ 8wks HFD cGAS”- +Obese mEVs
pSTING [ = = - u | = 50kDa P=0.043 ®  +Obese mEVs — = 50kDa
| | gg'l:g: HSPO( [ s s som v s com o |_100kDa o 37 - o 207 y PSTING = 37kDa
= = 75kDa = 2 i = 50kDa
STING | wne s we —— - — c S 1.5
37kDa ysTING | I §3t3§ S 2 ol £ o " " STING ™= mw o o -] _ 370pa
. * 50kDa = L T 1.0- 3
2,04 ® NCDC3 STING [ om o o = == == == .. © ° i S o |" ®  8wks HFD cGAS™
B +Obese mEVs 20+ ® NCDKC-KO 258 NCD KC-KO- a 7 0.5+ . B +Obese mEVs
g 1.5 P=0.042 B +Obese mEVs m  +Obese mEVs 0 0.0 ¢ - % 24 u
B i . g 15 o 2.01 = 16 rRNAS Wb Tnfa  lfng @
9 197 % . F 1.5 z °
= . 210 o M 3 & 1 1
2 0.5 2 - ] Z 1.0 o ¥ . H .L
: Z 1
2 * 2 o| "
051 0.5 0
0.0
0.0 0.0
F G H
® PC12
PC12 con
2.0- ® PC12con ® PC12con B +Obese mEVs
- +siRNA-cGAS 8- m  +Obese MEVS ® PC12con +Obese mEVs A +siRNA-cGAS
P=0.038 B +Obese mEVs 3 . 2.54 pP=0.08 +siRNA-cGAS
1.5 M 6 m A +siRNA-cGAS 2.5 P<0.0001 o +siRNA-cGAS P=0.0004 A *siRNA-cGAS — Y /Obese mEVs
o [} o 97 n [ ] +Obese mEVs 2.0
o +Obese mEVs i +Obese mEVs v : P=0.05
c A g’ v /SIRNA-CGAS o 2.0 Y GRNACGAS 8) N [ ] /siRNA-cGAS g it y
E | [mm s o L c g 1.5 LI 4
(8] 1 .0 [3) 4_ © 1-5_ g | ] A < [ ] A v v Py A v
o) o] 5 °® A vy ) ° v _‘; o
© Aa, <] v T 1.0 A, k") v 2 1.0- e Y
" 0.5- 21 o A 2 ARN S 11 T 2 M M
' z - 05{ | o . 415 0.5 |®
ﬁ éﬁ ﬁ A A
N 0.0
0.0 . 0 ' 0.0 ' 0 ; !
Dbh Th
cGAS Tnfa Cel2 b

Figure S5. The importance of cGAS/STING activation for the effects of mEVs, related to Figure 5. After 4wks treatment with obese mEVs, the abundance of cGAS/STING in adrenal glands
of lean C37 (A) or KC-KO (B) mice. C, gPCR analysis of 16s rRNA abundance in adrenal glands after HFD cGAS”- mice treated with obese mEVs. The abundance of proinflammatory cytokines
(D) and activation of cGAS/STING (E) in adrenal glands of HFD cGAS”- mice after 4wks treatment with obese mEVs. F, Validation of cGAS knockdown in PC12 cells after treatment with siRNA-
cGAS for 24 hours. The expression of proinflammatory genes (G) and genes associated with catecholamine synthesis (H) in PC12 cells after treatment with obese mEVs and/or siRNA-cGAS.
Data are presented as mean + SEM. P values are determined by unpaired two-side Student’s t-test (A and F) or one-way ANOVA (G and H).
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Figure S6. Recovery of Vsig4 gene expression by using the deactivated Cas9-VPR/gRNA system, related to Figure 6. A, The diagram of dCas9-VPR complex targeting Vsig4 gene’s
promoter region with guide RNA-Vsig4. B, CRIlg abundance in adrenal glands of 16wks HFD WT mice after 4wks treatment with lentivirus carrying dCas9-VPR and gRNA-Vsig4. Data are
presented as mean + SEM. P value is determined by unpaired two-side Student’s t-test (B).
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