
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Microbial DNA enrichment promotes adrenomedullary inflammation, catecholamine 
secretion, and hypertension in obese mice

Permalink
https://escholarship.org/uc/item/8s01850t

Author
Jin, Zhongmou

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8s01850t
https://escholarship.org
http://www.cdlib.org/


 

 

 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Microbial DNA enrichment promotes adrenomedullary inflammation, catecholamine 

secretion, and hypertension in obese mice 

 

A thesis submitted in partial satisfaction of the 

requirements for the degree Master of Science 

 

in 

 

Biology 

 

by 

 

Zhongmou Jin 

 

Committee in Charge: 

 Professor Wei Ying, Chair 

 Professor Alisa Huffaker, Co-chair 

 Professor Matthew Daugherty 

  

2022 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Zhongmou Jin, 2022 

All rights reserved. 

 

 

 



iii 

 

 

 

 

 

The thesis of Zhongmou Jin is approved, and it is acceptable in quality and form for 

publication on microfilm and electronically.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

University of California San Diego 

2022



iv 

TABLE OF CONTENTS 

Thesis approval page…………………………………………………………………………. iii 

Table of Contents…………………………………………………………...….…………….. iv 

List of Abbreviations………………………………………………………...……………….. vi 

List of Figures………………………………………………………………...……………… vii 

Acknowledgements…………………………………………………………………………. viii 

Abstract of the thesis……………………………………………………………….………… ix 

Introduction…………………………………………………………………………………… 1 

Method………………………………………………………………………………………... 3 

Animal care and use………………………………………………………………….... 3 

Mouse blood pressure (BP) detection……………………..…………………………… 4   

Measurement of catecholamines……………………………………………………….. 4        

In vivo and in vitro EV treatment……………………………………………………… 5      

EV purification and characterization…………………………………………………… 5        

In vivo EV trafficking assays…………………………………………………………... 6   

DNA depletion in intestinal EVs……………………………………………………….. 6 

Quantification of bacterial DNA using real-time PCR…………………………………. 6  

siRNA transfection……………………………………………………………………… 7 

CRISPR-Cas9 system for transcriptional activation…………………………………….. 7 

Immuno-fluorescence staining………………………………………………………….. 7 

RNAscope in situ hybridization (ISH) combined with immunofluorescence………….. 8 

Isolation of adrenal chromaffin cells…………………………………………………… 8  

Flow cytometry analysis………………………………………………………………… 9 

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis……… 9 

Western blot analysis……………………………………………………………………. 9 

Statistical Analysis…………………………………………………………………….. 10  



v 

Results……………………………………………………………………………………….. 10 

Bacterial DNAs are enriched in adrenal glands in the context of obesity…………….. 10   

Loss of CRIg+ macrophages lead to the infiltration of gut mEVs into adrenal glands.. 13     

Gut mEV penetration elevates inflammatory responses and norepinephrine secretion from 

adrenal medulla……………………………………………………………………….. 14     

Adrenal gland resident CRIg+ macrophages are sufficient to prevent the effects of gut 

mEVs……………………………………………………………………………….. 15 

Bacterial DNA cargos contribute to the pathogenic effects of gut mEVs………………. 17 

cGAS/STING signaling is critical for the ability of microbial DNA to induce adrenal gland 

dysfunction……………………………………………………………………………. 19 

Restoring CRIg+ macrophage population attenuates obesity-associated adrenomedullary 

dysfunction……………………………………………………………………………… 21 

Discussion…………………………………………………………………………………… 22 

Conclusions………………………………………………………………………………….. 27 

Acknowledgement………………………………………………………………………...… 27 

Supplemental Materials……………………………………………………………………… 28 

References...…………………………………………………………………………………. 33 

 

 

  

 



vi 

LIST OF ABBREVIATIONS 

mEV(s): Microbial DNA containing intestinal extracellular vesicles………………………... 2 

NCD/HFD: Normal chow diet/High-fat diet…………………………………………………. 3 

KC: Kupffer Cells…………………………………………………………………………….. 3 

CRIg: Complement receptor of the immunoglobulin superfamily…………………………… 2 

cGAS: Cyclic GMP-AMP synthase…………………………………………………………... 3 

Sting: Cyclic GMP–AMP receptor stimulator of interferon genes…………………………… 3 

NE: Norepinephrine…………………………………………………………………………... 1 

EPI: Epinephrine……………………………………………………………………………… 1 

GF: Germ-free………………………………………………………………………………… 3 

ISH: In situ hybridization……………………………………………………………………... 8 

DT: Diphtheria toxin………………………………………………………………………….. 3 

SBP: Systolic blood pressure…………………………………………………………………. 4 

DAPI: 4',6-Diamidino-2-28 phenylindole dihydrochloride…………………………………... 8 

 

 



vii 

LIST OF FIGURES 

Figure 1. Obesity is associated with bacterial DNA enrichment and inflammation in the 

adrenal glands……………………………………………………………………………….. 12     

Figure 2. Gut microbial DNA-containing extracellular vesicles (mEVs) induces adrenal 

inflammation and dysfunction……………………………………………………………..... 15 

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)………………………………….…………. 17 

Figure 4. Microbial DNA is pathogenic cargo for the effects of gut extracellular vesicles 

(EVs)…………………………………………………………………………………...……. 19 

Figure 5. cGAS/STING signaling activation is critical for the effects of microbial 

DNA…………………………………………………………………………………………. 21 

Figure 6. Recovery of CRIg+ (complement receptor of the immunoglobulin superfamily) 

macrophage population attenuates obesity-associated adrenal dysfunction………...………. 25 

Figure S1. Characteristics of gut mEVs collected from 16wks HFD WT mice, related to 

Figure 1……………………….…………………………………………………...………… 28 

Figure S2. Effects of obese gut mEVs on lean WT mice, related to Figure 2………………. 29 

Figure S3. The important roles of adrenal CRIg+ macrophages, related to Figure 3……….. 30 

Figure S4. The importance of microbial DNA cargos, related to Figure 4……..………...…. 31 

Figure S5. The importance of cGAS/STING activation for the effects of mEVs, related to 

Figure 5…………………………………………………………………………………….... 32 

Figure S6. Recovery of Vsig4 gene expression by using the deactivated Cas9-VPR/gRNA 

system, related to Figure 6…………………………………………………………….…….. 32 

 

 



viii 

Acknowledgement 

I would like to acknowledge Professor Wei Ying, as the chair of my committee and 

my thesis advisor, for his fundamental and continuous support. His guidance has been most 

motivating since the very beginning of this project. 

I would like to acknowledge Dr. Hong Gao, who’s also a primary researcher in this 

study, without whose assistance this research would have never been possible. His help is 

immeasurable in both experiment operation and analytical study. 

This work is a reprint of the material as it appears in Microbial DNA enrichment 

promotes adrenomedullary inflammation, catecholamine secretion, and hypertension in obese 

mice. Gao, H., Jin, Z., Tang, K., Ji, Y., Suarez, J., Suarez, J. A., Cunha e Rocha, K., Zhang, 

D., Dillmann, W. H., Mahata, S. K., & Ying, W. (2022). Journal of the American Heart 

Association, 11(4). The thesis author is an author of this paper. 

 



ix 

 

 

 

 

 

 

 

 

ABSTRACT OF THE THESIS 

 

Microbial DNA enrichment promotes adrenomedullary inflammation, catecholamine 

secretion, and hypertension in obese mice 

 

By 

 

Zhongmou Jin 

 

Master of Sciences in Biology 

 

University of California San Diego, 2022 

 

Professor Wei Ying, Chair 

Professor Alisa Huffaker, Co-Chair 

 

 Obesity is an established risk factor for hypertension. Building upon the known fact 

that obesity-induced gut barrier breach leads to the leakage of various microbiota-derived 

products into host circulation and distal organs, this study seeks to explore impacts of 



x 

microbial DNA enrichment on inducing obesity-related adrenomedullary abnormalities and 

hypertension. CRIg (Complement receptor of the immunoglobulin superfamily) abundance is 

identified as a major factor in blocking the infiltration of gut mEVs (microbial DNA-

containing extracellular vesicles) into the bloodstream and adrenal glands. In lean CRIg-/- or 

C3-/- mice intravenously injected with gut mEVs, adrenal microbial DNA accumulation 

elevated adrenal inflammation and norepinephrine secretion, concomitant with hypertension. 

In addition, microbial DNAs promoted inflammatory responses and norepinephrine 

production in PC12 cells treated with gut mEVs. Depletion of microbial DNA cargos 

markedly blunted the effects of gut mEVs. We also validated that activation of cGAS/STING 

signaling is required for the ability of microbial DNAs to trigger adrenomedullary 

dysfunctions in both in vivo and in vitro experiments. Restoring CRIg+ cells in obese mice 

decreased microbial DNA abundance, inflammation, and hypertension. The leakage of gut 

mEVs leads to adrenal enrichment of microbial DNAs that are pathogenic to induce obesity-

associated adrenomedullary abnormalities and hypertension. Recovering CRIg+ macrophage 

population attenuate obesity-induced adrenomedullary disorders. 
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Introduction 

Obesity is recognized as an independent risk factor for arterial hypertension. It has 

been reported by the Frammingham Heart Study that 60-70% of essential hypertension results 

from obesity, and obese patients are 3.5 times more susceptible to develop high blood 

pressure1, 2. Although various mechanisms underlying obesity-associated hypertension have 

been suggested, including increased sympathetic tone3-5, overactivation of the renin-

angiotensin system6, elevation of aldosterone levels, endothelial dysfunction7, and mechanical 

compression of the kidney8, it is yet to be established how obesity triggers the above changes 

to cause hypertension. Since dysregulated secretion of norepinephrine (NE) and epinephrine 

(EPI) is a feature in chronic obesity in both animal models and humans9, we seek to explore 

whether microbial DNA enrichment owing to obesity-induced increase in gut permeability 

causes inflammation of the adrenal medulla10, resulting in increased secretion of 

catecholamines and the subsequent development of hypertension. While chronic and low-

degree tissue inflammation is a hallmark of obesity, the role of obesity-induced adrenal 

inflammation in mediating the adrenomedullary function is much less clearly defined10-12.  

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 tissues13-18. 

Compelling evidence indicates that obesity is concomitant with microbial DNA enrichment in 

host circulation and tissues19-23. In addition, several studies have suggested that circulating 

microbial DNA species could be biomarkers which precisely mirror the stages of metabolic 

disease development19, 22, 24. Extracellular vesicles (EVs) are important carriers harboring 

various cargos, such as RNAs, DNAs, lipids, and proteins, and transporting in circulation and 
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between the neighbor or distant cells25. It has been known that microbiota can secrete EVs26, 

27. More importantly, our previous study has shown that microbiota-derived bacterial DNA-

containing EVs (mEVs) are readily translocated from gut lumen into host bloodstream and 

distal metabolic tissues in obesity, resulting in obesity-related tissue inflammation and insulin 

resistance28. Therefore, these lead us to hypothesize that, in the context of obesity, gut mEVs 

could infiltrate into adrenal glands and cause microbial DNA accumulation that triggers 

adrenomedullary inflammation and dysfunction. 

While liver immunoglobulin superfamily (CRIg)+ macrophages play important roles 

in filtering bacteria and their byproducts in the bloods flowing from the intestine through the 

hepatic portal vein, there is a remarkable reduction in CRIg+ macrophages in the context of 

obesity28-30. We have shown that CRIg+ macrophages can capture gut mEVs from the 

bloodstream through a complement protein C3-mediated mechanism, whereas depletion of 

either CRIg or C3 leads to the spread of gut mEVs into distal tissues28, 30-33. In addition to 

liver, CRIg+ macrophages also reside in other tissues such as pancreatic islets34, 35. An early 

study also reports that human adrenal glands harbor a high level of CRIg+ macrophages30. 

However, whether adrenal gland resident CRIg+ macrophages exert protection from the 

infiltration of gut mEVs and bacterial DNA accumulation is still unknown. 

Here, we report that microbial DNA enrichment causes adrenomedullary dysfunction 

in the context of obesity, resulting in elevated circulating NE levels and the subsequent 

development of hypertension. Adrenal gland CRIg+ macrophages exert sufficient protection 

from the penetration of gut mEVs, whereas these CRIg+ cell population is greatly reduced in 
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obese adrenal glands. We further confirm that microbial DNA cargos contribute to the effects 

of gut mEVs by activating the cGAS/STING pathway in adrenal chromaffin cells. 

Methods 

Animal care and use 

cGAS-/- (Stock No. 026554), C3-/- (Stock No. 029661), ROSA26iDTR (Stock No. 

007900) and Clec4f-Cre (Stock No. 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). CRIg wild type (WT) mice were produced by crossing 

CRIg heterozygous mice together. All mice were maintained on a 12/12 hr light-dark cycle. 

At 8 weeks of age, male mice were used as recipients for EV injection or fed ad libitum on a 

high-fat diet (HFD; 60% fat calories, 20% protein calories, and 20% carbohydrate calories; 

Research Diets) or a normal chow diet (NCD, Lab Diet) for various durations. Germ-free 

(GF) C57BL/6 mice were maintained in the UCSD Gnotobiotic Mouse Facility. GF mice 

were fed an irradiated sterilized 60% HFD (06414 Teklad). To deplete Kupffer cells (KC), 

diphtheria toxin (DT) was intraperitoneally (200 ng/mouse, i.p.) injected into 

Clec4fCre+DTR+ lean mice (KC-KO) for three days, and these mice were treated with DT 

(200 ng/mouse) every two days to prevent KC recovery. For tissue collection, mice were 

anaesthetized with an i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) 

followed by euthanization 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 assigned to cohorts when used. 
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Mouse blood pressure (BP) detection 

Non-invasive tail-cuff measurement of BP. The systolic blood pressure (SBP) was 

also measured indirectly using tail cuff plethysmography in mouse tail-cuff blood pressure 

system (MRBP; IITC Life Sciences Inc. Woodland Hills, CA) as described previously36. Prior 

to 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 10-15 min. The tails were placed inside inflatable cuffs with a 

photoelectric sensor that measured tail pulses. The SBP was measured over 5 separate days 

with an average of at least two well-defined BP 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 ACQUITY UPLC 

H-Class System fitted with an Atlantis dC18 column (100A, 3 µm, 3 mm x 100 mm) and 

connected to an electrochemical detector (ECD model 2465) (Waters Corp, Milford, MA). 

The mobile phase (isocratic: 0.3 ml/min) consisted of phosphate-citrate buffer and acetonitrile 

at 95:5 (vol/vol). The data were analyzed using Empower 3 software (Waters Corp, Milford, 

MA). Catecholamine levels were normalized with the recovery of the internal standard 3,4-

Dihydroxybenzylamine (DHBA). Catecholamines were expressed as nM (plasma) or ng/mg 

protein (PC12 cells) or pg/mg protein (kidney).  
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In vivo and in vitro EV treatment.  

For in vitro assays, 1x107 EVs as determined by NanoSight analysis were added to 

0.1x106 for 24 hours. In addition, for in vitro PC12 catecholamine production assay, 5x108 

EVs were added to 5x106 PC12 cells. For in vivo treatment, recipient mice were tail vein 

injected with 5x109 EVs twice per week. Our previous study has shown that the amount of 

bacterial DNAs within 5x109 gut mEVs isolated from HFD WT mice is closed to the 

abundance of bacterial DNAs in the bloodstream of 16wks HFD WT mice28. 

 

EV purification and characterization.  

The intestinal EVs were prepared from small intestine lumen contents of 16wks HFD 

mice with sterile tools. Debris and dead cells in the lumen contents were removed by 

centrifugation at 1,000 x g for 10 min and then filtered through a 0.2 µm filter. The 

supernatant was then subjected to ultracentrifugation at 100,000 x g for 4 hours at 4oC with a 

Type 70 Ti fixed-angle rotor (Beckman Coulter). The EV-containing pellet was resuspended 

in 1 ml sterile PBS and passed through a 0.2 µm 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 37oC for 20 min, rinsed with 0.15 M glycine/PBS and the 

sections blocked using 1% cold water fish-skin gelatin. Grids were viewed using a JEOL 

1200EX II (JEOL) transmission electron microscope and photographed using a Gatan digital 

camera (Gatan). To monitor EV trafficking, EVs were labeled with PKH26 fluorescent dye 
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using the PKH26 fluorescent cell linker kit (Cat. No. PKH26GL-1KT, Sigma). After PKH26 

staining, the EVs were washed with sterile PBS and collected by ultracentrifugation (100,000 

x g for 2 hours) at 4oC. Finally, PKH26 labeled EVs were resuspended in sterile PBS and the 

particle concentration was calculated by NanoSight analysis. 

In vivo EV trafficking assays.  

PKH26-labeled EVs (5x109 EVs per mouse) were delivered to either NCD or HFD 

recipient mice through either injection into tail vein or jejunum section. After 16 hours EV 

injection, adrenal glands were collected for detecting the appearance of PKH26 red 

fluorescence. 

DNA depletion in intestinal EVs.  

The intestinal EV pellet was dissolved in 100 µl PBS. As previously described, these 

EVs were loaded into a Gene Pulser/micropulser Cuvettes (Bio-Rad) for electroporation 

(GenePulser Xcell electroporator, Bio-Rad) and then treated with DNase I (300U) for 30 

mins, 37oC. The depletion of bacterial DNAs was confirmed by 16s rRNA qPCR analysis. 

Quantification of bacterial DNA using real-time PCR.  

Levels of bacterial DNAs were assessed by qPCR using a Femto Bacterial DNA 

Quantification Kit (Cat. No. E2006, Zymo Research) by following the manufacturer’s 

instructions. Briefly, bacterial DNAs were extracted from EVs or plasma using the 

ZymoBIOMICS DNA extraction kits (Cat. No. 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 four-parameter variable 

slope analysis.  
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siRNA transfection.  

siRNA-cGAS (Cat. No. J-055608-09-0002, Horizon; 20 pmol siRNA/0.1 x 106 PC12 

cells) was transfected into recipient cells with the lipofectamine RNAiMAX reagent (Cat. No. 

13778075, ThermoFisher). siRNA-cGAS was mixed with RNAiMAX reagent and then 

incubated at room temperature for 15 mins. This mixture was added into the medium of cells. 

After 24 hours, cells were collected and measured.  

CRISPR-Cas9 system for transcriptional activation. 

Plasmids containing deactivated Cas9-VPR (VP64, p65, and Rta) system (Cat. No. 

CAS11915) or guide RNA for Vsig4 (Cat. No. GSGM11893-247477006) were obtained from 

Horizon. The lentivirus packing these plasmids were prepared by the UCSD Vector core. 

12wks HFD WT mice were intravenously injected with these lentiviruses (1x108 

particles/mouse). Control mice were treated with lentivirus containing dCas9-VPR and 

control gRNA (Cat. No. VSGC10215, Horizon). After 4 weeks, CRIg expression in adrenal 

glands was evaluated by Western blot analysis. 

Immuno-fluorescence staining. 

Adrenal glands of NCD or HFD-fed mice were snap frozen in optimum cutting 

temperature (O.C.T., Fisher Healthcare) with dry ice. Six µm cryo-sections of tissue sections 

were cut and fixed with pre-cold acetone for 20 min. Slides were blocked with 5% normal 

donkey serum for 60 min at room temperature. Consequently, the samples were incubated 
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with anti-CRIg (Cat. No. 17-5752-82, ThermoFisher) antibody diluted 1:100 in PBS at 4 °C 

overnight. After washing, nuclei were stained with DAPI (4',6-Diamidino-2-28 phenylindole 

dihydrochloride) for 10 min at room temperature. Mounting media and cover slips were then 

added to slides for imaging. Images were acquired on a Keyence Fluorescent Microscope, and 

were processed with ImageJ (NIH, Bethesda, MD).  

RNAscope in situ hybridization (ISH) combined with immunofluorescence.  

We performed RNAscope ISH to detect 16s rRNA. Mouse adrenal glands were frozen 

in O.C.T with dry ice. Ten µm cryo-sections of tissue sections were prepared and fixed with 

4% PFA for 15 min at 4oC and finally dehydrated with 50%, 70%, and 100% ethyl alcohol 

gradients for 5 min each at room temperature. Tissue sections were then treated by hydrogen 

peroxide and protease IV at room temperature for 10 min each. 16s RNA probes (Cat. No. 

464461, Advanced Cell Diagnostics) were then added for 2 h at 40°C. Signal amplification 

and detection reagents were applied sequentially and incubated in AMP 1, AMP 2, AMP 3, 

HRP-C1 (RNAscope® Multiplex fluorescent reagent kit v2, Cat. No. 323100, Advanced Cell 

Diagnostics), Opal 520 (Cat. No. PNFP1487001KT, Akoya Biosciences), or Opal 690 (Cat. 

No. FP1497001KT, Akoya Biosciences). Then, samples were immediately processed for 

immunofluorescence. Images were captured using Leica SP8 Confocal microscope. 

Isolation of adrenal chromaffin cells.  

Mouse adrenal glands were digested in Hanks’ balanced salt solution containing 

papain (40 U/mL) as described in previous studies 37, 38.  
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Flow cytometry analysis.  

Cells were dispersed and then stained with fluorescence-tagged antibodies. These cells 

were analyzed by MA900 flow cytometer (SONY). Data were analyzed using Flowjo 

software. 

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis.  

Total RNA was extracted using the RNA extraction protocol according to the 

manufacturer’s instructions. cDNA was synthesized using SuperScript III and random 

hexamers (High-capacity cDNA reverse transcription kit, Cat. No. 4368813, ThermoFisher 

Scientific). qPCR was carried out in 10 l reactions using iTaq SYBR Green supermix (Cat. 

No. 172-5125, Bio-Rad) on a StepOnePlus Real-Time PCR Systems (ThermoFisher 

Scientific). The data presented correspond to the mean of 2-ΔΔCt from at least three 

independent experiments after being normalized to β-actin. 

Western blot analysis.  

Cells or tissues were homogenized in RIPA buffer supplemented with protease and 

phosphatase inhibitors. Equal amounts of cell lysate proteins (30 μg protein per lane for 

pSTING, 10 μg protein per lane for cGAS or CRIg detection) from each biological replicate 

were subjected to western blotting. Using ChemiDoc XRS imaging system (BioRad), the 

protein bands on blots were detected with the SuperSignal West Pico Chemiluminescent 

Substrate (Cat. No. 34077, ThermoFisher Scientific). Protein bands were analyzed using 

Image Lab software (BioRad). Western blot data in figures and supplemental figures are all 
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representative of more than three independent experiments. pSTING (Cat. No. 72971), 

STING (Cat. No. 50494), and cGAS (Cat. No. 316595) antibodies 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 two groups are statistically different from each other, unpaired two-

tailed Student’s t test was used for statistical analyses using Prism8 software (GraphPad 

software v8.0; Prism, 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 DNAs are enriched in adrenal glands in the context of obesity. 

Previous studies have shown that obesity is accompanied with the accumulation of 

bacterial DNAs in host circulation and tissues22, 24, 28. In line with these findings, we detected 

high levels of 16s rRNAs in the adrenal glands of 16 weeks high fat diet (16wks HFD) fed 

WT mice, whereas no bacterial DNA was detected in lean adrenal glands (Figure 1A). In 

addition, qPCR analysis with 16s rRNA primers indicates that obese adrenal glands harbored 

much more 16s rRNAs, compared to 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 impact of external bacterial DNA 

contamination during these experiments, we also measured 16s rRNA abundance in the 
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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 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 obesity17. Thus, to assess whether intestinal mEVs are translocated 

from gut lumen into host adrenal glands, gut mEVs were collected from the small intestinal 

lumen of 16wks HFD WT mice and labeled with PKH26 red fluorescent dye (Figures S1C-

S1F). These PKH26 mEVs (5x109 EVs/mouse) were injected into the jejunum section of 

either lean or 12wks HFD/obese WT recipient mice. After 24 hours, we observed robust red 

fluorescent signals in the adrenal glands of obese recipients, demonstrating 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 obesity-induced impaired gut barrier allows for the 

translocation of gut mEVs into adrenal glands. 
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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, qPCR 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. 
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Loss of CRIg+ macrophages lead to the infiltration of gut mEVs into adrenal glands. 

Our previous study has shown that CRIg+ macrophages play a critical role in blocking 

the translocation of gut mEVs into host tissues, while the population of CRIg+ macrophages 

is remarkably diminished in both obese humans and mice28. Consistently, after an intravenous 

injection with PKH26 mEVs (5x109 EVs/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 DNAs, the spread of gut EVs led to the enrichment of bacterial DNAs in 

these tissues (Figures 1E and S1E). In addition, qPCR analysis confirmed that 16s rRNA 

abundance was significantly increased in the adrenal glands of lean CRIg-/- mice after 4wks 

treatment with gut mEVs (5x109 EVs/mouse, twice injection per week; Figure 1F). We also 

observed a remarkable increase in 16s rRNAs within adrenal gland cell PC12 after 24 hours 

treatment with obese mEVs (Figure 1G). 

Complement protein C3 plays important roles in modulating the ability of CRIg+ 

macrophages to interact with gut mEVs28, 30. Consistent with our previous observation, 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 (5x109 EVs/mouse; Figure 1E). Concomitant with the infiltration of gut 

mEVs, bacterial DNAs were enriched in the adrenal glands of lean C3-/- mice injected with 

gut mEVs (Figure 1H). Thus, these results indicate the importance of CRIg-C3 regulatory axis 

on blocking the infiltration of gut mEVs. 
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Gut mEV penetration elevates inflammatory responses and norepinephrine secretion 

from adrenal medulla. 

Given that the infiltration of gut mEVs can results in host cell dysfunction, we next 

evaluated the impacts of gut mEVs on the responses of adrenal glands in either lean CRIg-/- or 

C3-/- mice. After 4 weeks intravenous injection with gut mEVs (5x109 EVs/mouse, twice 

injection per week), lean CRIg-/- or C3-/- mice displayed elevated levels of inflammatory 

responses in adrenal glands compared to control mice treated with empty liposomes, as shown 

by greater abundance of proinflammatory cytokines in adrenal glands (Figures 2A and 2B). In 

addition, there were greater levels of circulating NE, but not EPI, in lean CRIg-/- or C3-/- mice 

after 4wks treatment with gut mEVs (Figures 2C and 2D). However, gut mEV treatment did 

not affect the concentration of NE in kidney and the expression of monoamine oxidase in 

adrenal glands of lean CRIg-/- mice (Figures 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 exhibited augmented blood pressure than control mice (Figures 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, 2G, and 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/0.1x106 cells), 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 NE in PC12 cells (Figures 
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2I and 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. 

 

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). 

Adrenal gland resident CRIg+ macrophages are sufficient to prevent the effects of gut 

mEVs. 

While liver contains a great amount of CRIg+ macrophages, earlier studies have 

suggested that adrenal gland is also one of the main sites harboring CRIg+ macrophages30. 

Indeed, 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 co-localized with 
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F4/80+ cells, suggesting majority of adrenal gland resident macrophages express CRIg 

(Figure 3A). By contrast, the population of CRIg+F4/80+ cells were greatly reduced in obese 

adrenal glands (Figures 3A, 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 infiltration of gut mEVs. Given that in liver CRIg is mainly expressed on Kupffer 

cells28-30, Clec4fCre+DTR+ lean mice were treated with diphtheria toxin (200ng/mouse, 

continuous 3 days 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 (Figures S3D and S3E). More importantly, there was no bacterial DNA 

detected in the adrenal glands of lean KC-KO mice after 4 weeks intravenous injection with 

gut mEVs (5x109 EVs/mouse, twice injection per week; i.p. inject 200ng diphtheria toxin per 

mouse every 2 days) (Figure 3B). In addition, after 2 hours intravenous injection of PKH26-

labeled gut mEVs (5x109 EVs/mouse), adrenal macrophages in lean WT mice showed 

elevated PKH26 signals, compared to lean WT control mice without EV injection (Figure 

3C). In contrast, 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 DNAs in adrenal glands after 4wks treatment with 

gut mEVs, lean KC-KO mice had similar levels of adrenal gland inflammation and blood 

pressure with control KC-KO mice (Figures 3E and 3F). Thus, these results demonstrate that 

CRIg+ macrophages residing in adrenal glands exert profound protection from the penetration 

of gut mEVs. 
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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. 

Bacterial DNA cargos contribute to the pathogenic effects of gut mEVs. 

Concomitant with the infiltration of gut mEVs, the abundance of bacterial DNAs was 

remarkably elevated in the adrenal glands of lean CRIg-/- or C3-/- mice. In addition, our 

previous study has demonstrated the critical roles of bacterial DNA cargos within gut EVs28. 

We prepared DNA-free gut EVs using our previously reported method (Figure S4A)28. As 

expected, treatment with DNA-free gut EVs did not cause bacterial DNA accumulation in 

PC12 cells (Figure S4B). Consistent with our previous findings28, depletion of bacterial DNA 



18 

 

cargos blunted the effects of gut mEVs, as evidenced by non-significant effects of DNA-free 

gut EVs on inflammatory responses and NE production in PC12 cells (Figures 4A, 4B, and 

S4C). In contrast, gut mEV treatment led to functional abnormalities in PC12 cells (Figures 

4A, 4B, and 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 inflammation, 

circulating catecholamine levels, and blood pressure after treatment with DNA-free gut EVs 

(Figures 4C-4E). We also confirmed that microbiota-derived EVs contributed to the 

pathogenic effects of gut EVs, as evidenced by minimal effects of gut EVs collected from 

12wks HFD germ-free WT mice on PC12 cells (Figures S1C, S1D, S1F, S4A, and S4E). To 

test the possibility that bacterial DNA could be bound outside of EV membrane, we treated 

obese gut mEVs with DNase and then used these EVs to treat PC12 cells. After 24 hours, 

these gut mEVs resulted in elevated inflammatory responses in PC12 (Figure S4F). Thus, 

these data demonstrate that microbial DNAs are key cargoes contributing to the pathogenic 

effects of intestinal 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).  

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 

cGAS/STING pathway is required for bacterial DNA-induced cellular responses28, 39, 40. 

Concomitant with bacterial DNA accumulation, we observed an enhancement on the 

abundance of cGAS and phosphorylated STING in the adrenal glands of obese WT mice, 

compared to lean WT mice (Figure 5A). After 4wks treatment with gut mEVs, either lean 

CRIg-/- or C3-/- mice had greater levels of activation of cGAS/STING signaling in adrenal 

glands (Figure 5B and S5A). In addition, in vitro treatment with gut mEVs led to increased 



20 

 

activation of cGAS/STING pathway in PC12 cells (Figure 5C). By contrast, 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 cGAS/STING pathway on the ability of microbial 

DNAs to induce adrenal gland dysfunction, we compared the adrenal inflammation, 

circulating catecholamine levels, and blood pressure between 16wks HFD WT and cGAS-/- 

mice. As shown in Figures 5D-5F, cGAS depletion significantly reduced the levels of obesity-

induced adrenal inflammation, plasma norepinephrine levels, and blood pressure, compared to 

obese WT mice. In addition, another cohort of 8wks HFD cGAS-/- mice were intravenously 

injected with gut mEVs (5x109 EVs/mouse, twice injection per week), and control HFD 

cGAS-/- mice were treated with empty liposomes. After 4 weeks of treatment, there were 

comparable levels of adrenal gland inflammation and blood pressure among these cGAS-/- 

mice (Figures 5G, S5C-S5E). In the in vitro experiments using PC12 cells pretreated with 

siRNA-cGAS, we also observed that gut mEVs did not significantly affect cellular responses 

(Figures 5H, S5F-S5I). Taken together, these results demonstrate the critical role of 

cGAS/STING signaling for the effects of microbial DNAs on host adrenal cells. 
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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. 

Restoring CRIg+ macrophage population attenuates obesity-associated 

adrenomedullary dysfunction. 

Given that the critical roles of CRIg+ macrophages in blocking the effects of gut 

mEVs, we next tested whether recovery of CRIg+ macrophage population could alleviate 

obesity-induced adrenal disorders. Previous studies have demonstrated that deactivated Cas9 

(dCas9) can fuse to the transcriptional activation domains by specifically designed guide 

RNA (gRNA)41-44. In addition, the VPR system (including three transcriptional activators 
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VP64, p65, and Rta) linked to the C-terminal end of dCas9 activates gene expression (Figure 

S6A). To reboot the expression of Vsig4 (a gene encoding CRIg), 12 wks HFD WT mice 

were intravenously injected with lentivirus carrying both deactivated Cas9-VPR system 

(VP64, p65, and Rta) and gRNA-Vsig4 (1x108 particles/mouse; HFD CRIgoe). After 4 weeks 

injection with these lentiviruses, we observed that CRIg+ macrophage population was 

restored in adrenal glands (Figures S6B). More importantly, compared to 16wks HFD WT 

control, the levels of bacterial DNAs and inflammatory responses were significantly reduced 

after recovery of CRIg+ macrophage proportion (Figures 6A-6C), concomitant with 

decreased levels of circulating norepinephrine and the consequent decrease in blood pressure 

(Figures 6D and 6E). Thus, these findings indicate that restoring CRIg+ macrophage 

population mitigates obesity-associated dysregulation of catecholamine secretion and the 

consequent development of hypertension. 

Discussion 

It is well-established that obesity is associated with hypertension and is prevalent in 

both children and adults2, 45, 46. Despite intensive research, the mechanisms underlying 

obesity-induced hypertension are incompletely understood. Existing literature reveals that 

high calorie loads in patients with obesity increase peripheral NE turnover, which increases 

sympathetic nervous system (SNS) activity45, 47. Diminished baroreflex and insulin sensitivity 

in obese patients have been implicated in further enhancing SNS activity48. Obesity-induced 

hyperinsulinemia has also been reported to contribute to the development of hypertension 

through increased sodium retention, causing volume overload as well as endothelial 

dysfunction and favoring vasoconstriction45, 49, 50. Here we provide strong evidence that 
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enrichment of microbial DNA in the adrenal medulla leads to inflammation of the adrenal 

medulla resulting in increased catecholamine secretion and the consequent development of 

hypertension. In fact, 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 hypertension36. Inflammation is a key 

pathophysiologic factor driving hypertension, and obesity is characterized by chronic and 

low-degree inflammation. Indeed, the world-wide obesity epidemic is paralleling a growth in 

hypertension prevalence. Therefore, understanding the mechanisms underlying obesity-

associated hypertension is 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. In this study, we find that obesity is 

associated with high abundance of bacterial DNAs in adrenal glands, concomitant with 

elevated level of adrenal inflammation. In the context of obesity, gut mEVs are readily 

translocated into distal adrenal glands and contribute to the enrichment of microbial DNAs in 

these tissues. By contrast, there were no detectable bacterial DNAs in the adrenal glands of 

lean/healthy WT mice. We find 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 enrichment results in elevated levels of 

adrenomedullary inflammation and catecholamine secretion, concomitant with hypertension. 

In addition, in vitro treatment with gut mEVs directly enhances inflammation and 

catecholamine secretion levels in PC12 cells. By contrast, depletion of microbial DNAs 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 dysfunctions. We also confirm 

that the activation of cGAS/STING pathway is required for the ability of microbial DNAs to 

trigger cellular dysfunctions. Finally, rebooting CRIg expression significantly attenuates 

obesity-associated adrenal disorder.  

The leakage of microbiota-derived products is increased in obese humans and animal 

models, because of the impaired gut barrier13, 17, 18. In line with previous findings22, 24, 28, a 

great amount of bacterial DNAs was present in the obese adrenal glands. We have 

demonstrated that microbiota-derived EVs harbored microbial DNAs and played a critical 

role in delivering these cargos into distal host tissues. There may be other manners resulting 

the enrichment of bacterial DNAs in host tissues. For example, previous studies suggest that 

gut microbiota could penetrate through obese gut barrier into host circulation and tissues19, 20, 

51. 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 obesity52. Previous studies 

suggest that healthy gut barrier can selectively allow microbial product secreting into host 

circulation53, 54. However, in our studies gut mEVs cannot pass through healthy intact gut 

barrier, as evidenced by no detectable red fluorescent signals and bacterial DNAs in the 

adrenal glands of lean WT mice after injected with PKH26-labeled gut mEVs into jejunum 

section. 
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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. 

Our previous study has demonstrated the critical role of CRIg+ macrophages in 

blocking the spread of gut mEVs into host tissues28. In addition to liver, consistent with 

previous findings30, we also observed that most of adrenal tissue resident macrophages 

express CRIg in lean WT mice. In contrast, obese adrenal glands contained much less amount 

of CRIg+ macrophages. Using lean KC-KO mice, we further validated 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 tissues11. Several studies have also reported that both 
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human and animal adrenal cells can produce proinflammatory cytokines, including IL1β, 

TNF⍺, IFNγ, and CCL2, in response to various stress55, 56. We also observed that obese 

adrenal chromaffin cells produced elevated levels of proinflammatory cytokines, suggesting 

an active inflammatory status in obese adrenal medulla. While previous studies suggest that 

elevated circulating proinflammatory cytokines can trigger adrenomedullary abnormalities, 

obesity-induced adrenomedullary production of proinflammatory cytokines may also act as 

autocrine factors eventuating in adrenal catecholamine secretion disorder10, 57, 58. More 

importantly, in both in vivo and in vitro experiments we observed that gut mEVs-induced 

accumulation of bacterial DNAs promoted the production of adrenal proinflammatory 

mediators, whereas treatment with DNA-free gut EVs had minimal effects on adrenal 

inflammation. Thus, these findings indicate that bacterial DNAs play important roles in 

inducing obesity-associated adrenomedullary inflammation and hormonal dysfunction.  

Previous studies, including ours, have demonstrated that the cGAS/STING signaling is 

required for the ability of microbial DNAs to modulate host cell responses28, 40. Consistently, 

there was also improvement in the activation 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 critical roles in bacterial DNA-

mediated adrenomedullary inflammation and catecholamine secretion disorders, as shown by 

minimal functional changes in cGAS knockout adrenal cells in response to gut mEV 

treatment. Previous studies also indicate that canonical inflammatory pathways such as 

NFκB-associated signaling play critical roles in mediating adrenomedullary inflammatory 

responses59-61. In addition to the cGAS/STING pathway, other studies have reported that the 

toll-like receptor 9 (TLR9) or the absent in melanoma 2 (AIM2) inflammasome exert 
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profound function on sensing pathogenic DNAs62, 63. Endosomal membrane receptor TLR9 

specifically detects CpG hypomethylated DNAs to protect from virus and other pathogens64. 

AIM2 inflammasome activation is initiated by double stranded DNAs and leads to proteolytic 

maturation of the pro-inflammatory cytokines63. However, whether TLR9 or AIM2 participate 

in sensing microbial DNAs in adrenal medulla is still unknown. 

Conclusions 

In summary, we have shown that microbial DNA accumulation leads to obesity-

associated adrenomedullary dysfunctions leading to hypertension. We demonstrate the critical 

roles of adrenal resident CRIg+ macrophages and put forward a novel concept of how obesity 

induces hypertension through microbial DNA-induced adrenomedullary abnormalities, 

thereby providing a potential therapeutic target for obesity-related hypertension. 

Acknowledgements 

This work is a reprint of the material as it appears in Microbial DNA enrichment 

promotes adrenomedullary inflammation, catecholamine secretion, and hypertension in obese 

mice. Gao, H., Jin, Z., Tang, K., Ji, Y., Suarez, J., Suarez, J. A., Cunha e Rocha, K., Zhang, 

D., Dillmann, W. H., Mahata, S. K., & Ying, W. (2022). Journal of the American Heart 

Association, 11(4). The thesis author is an author of this paper. 

 

  



28 

 

Supplemental Materials 

 

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, qPCR 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 t-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, qPCR 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 (CD11blowF4/80high) 

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, qPCR 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). 
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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 C3-

/- (A) or KC-KO (B) mice. C, qPCR 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 siRNAcGAS 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). 

 

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, CRIg 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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