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Abstract

As reported by government and News agencies the outbreak occurred in December 2019 and the epicentre
being Wuhan in China. Widely reported are the lock downs in China while we can assume that they slow
human interaction, we can’t be sure of the percentage effectiveness of the lock down and asymptomatic
people who either left prior to the lock down or have breached lock down protocol.

As we see WHO and various governments seemingly play down the risks as similar to the flu to avoid
economic and societal shocks- this paper seeks to rationalise why the infection shows different behaviour in
different groups and countries.

The author of this paper aims to bring together the information available and to combine it into a multi
source explanation of the data at hand, without excluding parts of reports I have chosen to highlight the parts
that seem greatly important and to reduce the text size of parts you may wish to look at yourself.

Goal

To show that there is an angiotensin-converting enzyme 2 (ACE?2) interaction with Essential hypertension
(EH) and evidence proves that Estrogen participates in the upregulate of ACE2 expression and activity level,
Therefore, normal Estrogen level can protect pre-menopausal female from being harmed by high blood
pressure and lessen effects of Sars-CoV-2.

ACE2 deficiency impaired function and level of activity of ACE2 affects cerebral arteries, and exaggerates
cerebrovascular dysfunction with ageing and smoking and plays a critical part in Sars-Cov-2 sticky receptor
causing major health problems from what may have otherwise been mild symptoms.

It is known that angiotensin II impairs neurovascular coupling, induces oxidative stress and produces
vasomotor dysfunction in cerebral arteries and plays an important role in cerebrovascular dysfunction with
ageing.

Therefore it is possible that by modulating effects of angiotensin II, ACE2 plays an important role in the
maintenance of vascular function and prevention of cerebrovascular disease.

Increase ACE2 levels and controlling activity may be beneficial in the management and prevention of
cerebrovascular disease and combat Sars-CoV-2 provided the activity of the ACE2 receptors remains within
normal healthy limits.

A Mild Case recovered should not be seen as a clean bill of health for the following reasons
14 days the person may appear no longer contagious but questions remain incubation period and
over accuracy of testing.

Lets say the case is mild and detected ,Antibody-dependent enhancement (ADE) is a mechanism
through which dengue viruses, feline coronaviruses, and HIV viruses take advantage of anti-viral
humoral immune responses to infect host target cells- this can provide a fatal outcome to
population who otherwise either showed no symptoms or recovered from mild symptoms
Previously
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Abstract

Angiotensin-converting enzyme 2 (ACE2) plays an important role in the development of essential
hypertension (EH). The aim of this study was to investigate the relationship of ACE2 gene
polymorphisms and enzymatic activity with EH in the northeastern Chinese Han population. 34
single-nucleotide polymorphism (SNP) loci of ACE2 were detected in 1024 EH patients and 956
normotensive (NT) controls by Sequenom Mass-ARRAY RS1000. Five SNPs (rs1514283,
154646155, rs4646176, 152285666, and rs879922) in ACE2 gene were determined to significantly
associate with EH in female participants, while no SNP locus was linked to male group.
Specifically, it was the first time to report that rs4646155 was significantly associated with EH in
females. Furthermore, the correlation between ACE2 activity and clinical parameters were
performed by Pearson correlation analysis in EH patients. We found that the ACE2 activity level
was negatively correlated with body mass index (BMI), DBP, and pulse pressure, and
significantly positively with ACE2 concentration, blood glucose and estrogen level in female
EH patients. These results demonstrated that the genetic variants of ACE2 played vital roles
in the development of EH. And the serum ACE2 activity can predict the development of
cardiac dysfunction in EH patients.

Keywords: ACE2, enzymatic activity, essential hypertension, gender, single nucleotide
polymorphisms
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1. Introduction

Essential hypertension (EH) is a major risk factor for myocardial infarction, stroke and renal
failure.[1] The prevalence of EH is increasing rapidly and it is estimated that the morbidity of
EH will reach 29% of the global population by 2025.[2] As a major threat to human health
worldwide, the incidence of EH in China has been an upward trend in the past several years.
EH is a polygenetic and complex disease, caused by the interactions of genetic and
environmental factors. Around 30% of the individual variability is considered to be genetically
determined. A lot of studies have been performed to investigate the genetic variation in genes of
renin—angiotensin system (RAS), especially the angiotensin-converting enzyme 2 (ACE2).

The RAS plays a vital role in the occurrence and development of EH. ACE2 is a key regulator
in the RAS, which could convert Ang I to Ang 1 to 9 and degrade Ang II to the Ang 1 to 7.|3]
ACE2 locates on the X chromosome in human genome. It encodes a protein of 805 amino
acids, including 18 exons. In humans, ACE2 mainly expresses in the cardiovascular, renal and
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gastrointestinal tissues.[4] Moreover, ACE2 also has been found in the brain, lung and testis.
[5] It has been mapped to a defined quantitative trait locus (QTL) on the X chromosome in
human.[1]

The single nucleotide polymorphisms (SNPs) of ACE2 play an important role in
cardiovascular diseases. Up to now, several studies focused on the association of ACE2 SNPs with
EH.[6-10] But some of these results were inconsistent or even contradictory. For example, Fan et al
reported that the TT genotype frequency of rs2106809 was significantly higher in female
hypertensive patients than age- and gender-matched normotensive subjects.[6] Nevertheless, other
results showed the rs2106809 was no significant deviation in either hypertensive or normotensive
women in Chinese Han population.[11,12] The possible reasons may be attributed to that the
observed population have different ethnicity and race, and come from regions with different natural
environment. Therefore, to more precisely elucidate the role of ACE2 SNPs in EH, further research
is necessary to determine a wider range of ACE2 polymorphic loci associated with EH in
population who come from different regions and ethnic groups. In addition, few studies reported
the serum ACE2 activity level between EH patients and healthy individuals, and the relation
between the serum ACE2 activity and EH also need to be uncovered. In this study, the
association between ACE2 polymorphism and EH was investigated in a large number of Han
population of the northeast Chinese. The serum ACE2 activity was also determined to analyze its
relation with clinical baseline characteristics and biochemical parameters in EH patients.
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2.  Methods

2.1. Study population

The studied cohort included 1024 (male, 510; female, 514) EH patients and 956 (male, 296; female, 660) NT controls. A case-control study was
performed, in which all of the participants were Han Chinese from the Lan Xi of Heilongjiang Province in China. The EH patients were recruited
from 2012 to 2015, in accordance with the Guidelines for Prevention and Treatment of Hypertension in China, and needed to meet the following
criteria:

all subjects had no consanguinity at enrolment;

)
aged < 60;

N E))
systolic blood pressure (SBP) > 140 mmHg and/or diastolic blood pressure (DBP) > 100 mmHg;

N C))
absence of secondary causes of hypertension based on extensive biochemical and clinical examinations; and

)

absence of pharmacological treatment for hypertension.

The NT subjects were screened from a physical examination and matched for age and ethnicity with the EH patients from the same area. The
inclusion criteria for the NT subjects were as follows: age > 40 and mean SBP<120 mmHg and mean DBP<80 mmHg. The study was approved by
the Ethics Committee of Qigihar Medical University, China. Written informed consent was obtained from each participant or their legal guardian.
Blood pressure was measured 3 times using a mercury sphygmomanometer with patient in a seated position by a standard auscultatory method. The
average measured value of blood pressure including systolic and diastolic pressure levels was used for quantitative analyses. Body mass index (BMI)
was calculated as follows: BMI=Weight (kg)/[Height (m)x Height (m)].

2.2. DNA extraction

Four millilitres of peripheral blood was collected in an EDTA tube from each subject for DNA extraction. Then genomic DNA was extracted from
leukocytes using CWBIO blood genomic DNA mini kit (CWBIO, Beijing China). Finally, the DNA specimens were stored at —20°C.
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2.3. SNP selection and genotyping assay

The SNPs were selected based on the SNP genotype information from the GenBank database. Equidistant SNPs in the ACE2 gene regions were
identified as common SNPs in our study. These SNPs were chosen based on a minor allele frequency (MAF) of at least 1%. Multiplexed SNP Mass
EXTEND assay was designed using the Sequenom Mass ARRAY Assay Design 4.0 software (Agena Bioscience, San Diego, CA).[13] SNP

genotyping was performed using the Sequenom Mass ARRAY RS1000 platform following the manufacturer's protocols. The corresponding primers
included in this project are listed in Supplementary table S1. Sequenom Typer 4.0 software was used for data analyses.[13]

2.4. Plasma ACE2 measurement

The plasma ACE2 concentration was determined by Human Angiotensin Converting Enzyme 2
(ACE2) Enzyme Immunoassay Kit (MLBIO, Shanghai China) according to the manufacturer's
instructions. ACE2 enzymatic activity was determined by a spectrophotometric mono-reagent assay.
The serum (50puL) and the substrate solution (50 uL) were reacted at 37°C for 60 minutes in ACE2
activity enzyme-linked immunosorbent assay (ELISA) specific plate reader (MLBIO, Shanghai
China) and the optical density value was monitored at 450nm. The serum ACE2 activity was
expressed as unit/L.

2.5. Statistical analysis

All of the database management and statistical calculations were performed with SPSS v.20.0
software (PASW Statistics, SPSS Inc., Chicago, IL). Continuous variables were shown as mean+
SD. Anthropometric indices and genotype/allele frequencies were compared between the EH and
NT subjects using chi-squared (y2) tests. Hardy—Weinberg equilibrium was tested by Fisher's exact
test (P>.05) using gene frequencies of the healthy individuals. For each odds ratio (OR), we
calculated the 2-tailed probability value and 95% confidence interval (CI). A 2-tailed P<.05 was
accepted as statistically significant. Haplotype distribution was analysed using the SHEsis software
(http://analysis.bio-x.cn/SHEsisMain.htm).[14,15] Pearson correlation analysis was used to
calculate the correlation between ACE2 concentration and enzymatic activity and the clinic data in
all subjects.
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3. Results

3.1. Baseline characteristics

The clinical characteristics in formation of the EH patients and NT controls are presented in Table
Tablel.1. The significantly higher levels of SBP, DBP, pulse pressure, and total cholesterol were
found in EH patients, as compared to controls in both male and female groups (all P<.001). As for
BMI and triglycerides levels, the significant deviations between the 2 groups were determined only
in females. Hardy—Weinberg equilibrium for ACE2 gene was tested only in control group, and was
consistent with the expected result.

Table 1

Clinical characteristics of the study population (mean+SD).
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Males Females

Factors EH NT EH NT

Age (vear) 56.67 +£10.23 54.84 +11.99 56.67 +10.23 50,00 +8.57
BMI (kg/m?) 26.04 +12.79 24124 3.57 265441279 23774334 ;
SBP (mmHg) 148.68 +18.76 111.49+11.88 148.68+18.76 118,84 +11.89
DBP {mmHg) 91,61 +10.00 74194775 91.61+£10.00 76.10+7.16
PP {mmHg) 57.07 +16.16 37.29+7.68 57.07 +16.16 4263+9.79
TG {mmoliL) 5,88 +4.20 4.71£0.77 5.88+4.20 477+1.05
HOL {mmol/L) 1.51 +0.66 1.30+0.49 1.51 +0.66 1544071
TG (mmol/L) 1.884+1.25 1.25+0.72 1.88£1.25 1.40£0.89
GLU {mmol/L) 491+1.18 5.01 £0.66 491+1.18 4.46+0.86
ACEZ conc (ng/mil) 2344052 — 2.13+0.52 —

ACE2 activity (L) 6.89+1.65 6.53+1.98

sed in Mean +5Standard Dewviation

3.2. ACE2 gene polymorphisms

The genotype and allele frequencies at SNP loci rs1514283, rs4646155, rs4646176, and rs879922 in
ACE2 are shown in Table Table2.2. At the rs1514283 locus, the frequencies of the CC genotype and
C allele were significantly higher in the EH patients than in the NT controls (CC: 2.2% vs 0.7%, P
<.05, OR=4.209, 95% CI 1.633-10.851; C: 3.7% vs 2.2%, P=.01). A significant association was
found between the rs1514283 variant and EH risk under the dominant genetic model (TT vs
CC+CT: OR=1.724, 95% CI 1.087-2.733, P=.02). For rs879922, there were also significant
differences in the frequencies of the CC genotype and the C allele between EH patients and the NT
controls (CC: 2.5% vs 0.6%, P<.01, OR=4.707, 95% CI 1.854—11.951; C: 4.4% vs 2.7%, P=.01).
The dominant (GG vs CC+GC) distribution of C allele of rs879922 revealed a significant
association (OR=1.520, 95% CI 1.002—-2.307, P=.05) with EH risk. At the rs4646155 locus, the
frequencies of the TT genotype and the T allele were significantly higher in the EH patients than the
NT controls (TT: 1.9% vs 0.7%, P=.01, OR=3.492, 95% CI 1.324-9.212; T: 3.4% vs 2.2%, P=.02).
A logistic regression analysis shown that the dominant effect (CC vs TT+TC) was associated with
EH risk (OR=1.573 95% CI 0.985-2.511), but it did not reach statistical significance (P=.06). At
the rs4646176 locus, the rates of the GG genotype and the G allele were significantly higher in the
EH patients than in the NT participants (GG: 2.1% vs 0.6%, P<.01, OR=3.902, 95% CI 1.503—
10.128; G: 3.7% vs 2.2%, P=.01). The association between rs4646176 and the risk of EH was
investigated under both the dominant and recessive genetic model. The dominant (CC vs GG+GC)
genetic model of G allele showed a significantly association with EH risk (OR=1.684, 95% CI
1.062-2.671, P=.03) in the Chinese Han population.

Table 2
Distribution of genotypes and alleles for each of the ACE2 gene polymorphisms in all subjects.

At the same time, the gene polymorphisms of ACE2 were analysed according to different
groups of male and female in all the participants. None of the SNPs was significantly
associated with EH in the male group. In the female group, the statistical results
demonstrated that the genotype and allele distributions frequencies of 5 SNP loci (rs1514283,
rs2285666, rs4646155, rs4646176, and rs879922) located in the introns of the ACE2 gene were
significantly different between the EH and NT groups (Fig. (Fig.1).1). The distribution
frequencies of genotype and allele for ACE2 SNPs in the female group are shown in Table Table3.3.
At the rs1514283 locus, the frequency of the CC genotype was significantly higher in the EH
patients than in the NT subjects (CC: 2% vs 0.3%, P=.02, OR=6.501, 95% CI 1.375-30.740). And
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at the rs879922 locus, there was also a significant difference between the EH patients and the NT
controls regarding to the CC genotype (CC: 2.3% vs 0.3%, P=.01, OR=7.442, 95% CI 1.609—
34.426). These findings indicated that CC genotype of rs1514283 and rs879922 were high-risk
factors for the progression of EH in females. Interestingly, a frequency of heterozygous genotype
TC was significantly higher in NT group as compared with EH group for the rs2285666 locus (TC:
32.0% vs 44.8%, P<.001, OR=0.572, 95% CI 0.428-0.765). The data implicated that the TC
genotype of 1s2285666 carriers had a reduced risk of EH, and it was a potential genetic resistance
factor in the development of EH in Chinese female Han population. As for the rs4646176, the
frequencies of the GG genotype in the EH patients were significantly higher than that in the NT
controls (GG: 1.8% vs 0.3%, P=.03, OR=5.615, 95% CI 1.163-27.101). The GG genotype of
rs4646176 was a risk factor for EH in women. Moreover, the TT genotype frequencies of
rs4646155 in the EH group were also higher than in the NT group (TT: 1.6% vs 0.3%, OR=4.793,
95% CI 0.967-23.765), and no significant difference was observed between the locus and EH (P
=.06). This was a limitation of our study, which the sample size was still relatively small and not
provide sufficient information to precisely estimate the association between rs4646155 and EH in
the Chinese female Han population.

ACE2 chrX: 15,561,033-156,020,269

Intron 4 Intron 9 Intron 12 Intron 14 Intron 17
WP T iy
§ — 2
rs2285666 rs4646155 15879922 rsdbd6176  rs1514283

Figure 1
Schematic representation of ACE2 gene structure. Introns are shown as horizontal black line,

exons are shown as blue boxes and white boxes represent the 5" and 3’-UTRs.

Table 3
Distribution of genotypes and alleles for each of the ACE2 gene polymorphisms in females.

3.3. Linkage disequilibrium (LD) and haplotype analysis

LD analysis showed that the 4 ACE2 gene polymorphism loci (rs1514283, rs4646155, rs4646176
and rs879922) were in strong LD. rs1514283 and rs4646155: D’=0.992, 12=0.924; rs1514283 and
1s4646176: D’=0.992, r2=0.977; rs1514283 and rs879922: D’=1.000, r2=0.812; rs4646155 and
rs4646176: D’=1.000, r2=0.932; rs4646155 and rs879922: D’=1.000, r2=0.86; rs4646176 and
1s879922: D’=1.00, r2=0.819. Unfortunately, the SHEsis haplotype analysis demonstrated that no
haplotype associated with EH was found in the 5 ACE2 SNPs in this cohort.
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3.4. ACE2 concentration and enzymatic activity assay

In order to further elucidate the relationship between ACE2 activity level and EH, we examined the
concentration and activity of ACE2 for all subjects. The Pearson correlation analysis between ACE2
activity and clinical characters results are shown in Table Table4.4. A strong positive correlation
was found between ACE2 activity and concentration level in both male and female EH
patients (males: r=0.997, P<.001, females: r=0.966, P<.001). Meanwhile, serum ACE2 activity
had a negative correlation with BMI in the male and female groups (male: r=—0.363, P<.001,
female: r=—0.003, P<.001). Interestingly, in female EH patients, ACE2 activity level were
significant negatively correlated with DBP and pulse pressure (DBP: r=—0.485, P<.001; PP: r=
—0.100, P<.001), and positively correlated with blood glucose (GLU: r=0.537, P<.001). By
contrast, no statistical correlations of these clinical parameters with ACE2 activity were found in
male group, which further documented the specificity of our assay for ACE2. However, ACE2
activity levels were extremely low or even undetectable in the plasma from normotensive
subjects (data not shown). Some previous reports also showed that the ACE2 activity levels
were very low in normal healthy persons, and increased in patients with cardiovascular
disease.[16,17]

Table 4
The result of Pearson correlation analysis between ACE2 level and clinical characters.

Male Female
Factors [ p FOR R i FOR
ACE2 conc {ng/mi) 0.997 <001 024 0.966 <001 06
Age (years| —{.155 7 N 0.452 12 288
B (kg/m’) ~0.363 <001 02 -0.003 <001 005
SBP (mm Hy) 0.116 2 A9 0.499 38 1069
DBP {mm H) 0.023 B3 1,048 0.485 <001 004
SBP-DBF (mm Hy) 0.144 19 380 ~0.100 <001 003
IC (mmold) 0.020 kil 1.020 -0.176 49 B53
HDL (mmoll) (.18 29 464 0.100 22 A06
TR (mmald) -0.093 AD 565 0.018 L) 1028
GLU (mmollL) 0.108 33 4% 0.537 <001 003
E2 (ng/mi) — - = 0.352 0 027
T (ng/mi) 0.408 <001 008

FOR =false ciseovery rale, P=F value, r=Pearson's Correlation cosfficient,
ALEZ conc = ACEZ concentration, BM = body mass index, DBP = dizstolic biood pressure, £2 = oéstragen, GLU = bload glucose, HOL = High Densty Lipoprotéin, SB# = systolic biood pressure, T = testosterine,
TC=total cholesteral, TG ={righcerides.
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4. Discussion

At present, EH is 1 of the most common cardiovascular diseases, and it is also a major public
health problem around the world. At least 970 million people worldwide are suffering from
elevated blood pressure (hypertension), and about 66% of them live in developing countries.
EH is a complex disease, which is considered to the result of the genetic and environmental
interaction. The RAS plays a vital role in the occurrence and development of EH. As an
important member of the RAS, ACE2 is a dipeptidyl carboxydipeptidase, which
counterbalances the action of angiotensin-converting enzyme. The over-expression of ACE2
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may decrease RAS activation. The significant associations between ACE2 gene
polymorphisms and EH have been reported for people of different race and ethnicity.[6,18—
20]

In the present study, we found that the 4 SNPs of ACE2 (rs1514283, rs4646155, rs4646176, and
rs879922) were associated with EH in northeastern Han populations of China. As a tag SNP in the
CHB (Han Chinese in Beijing) SNP database for HapMap project, rs4646155 can capture the
information of 4 ACE2 SNPs (rs4646140, rs4646144, rs4646155, and rs61433707) with minor
allele frequencies equal to or greater than 3% in the HapMap CHB database. Up to now, only a few
studies focused on the correlation between rs4646155 and hypertension, but these results showed
that no significant difference in the rs4646155 genotypes/alleles frequencies between hypertensive
patients and normotensive health volunteers.[6,17] In this study, it was the first time to report
that the TT genotype of rs4646155 was a significant association with EH (OR=3.492),
especially in females (OR=4.793). Prolonged exposure to low temperature may be the main
cause of this inconsistency. Low temperature was a well-known risk factor for high blood
pressure.[21] Under the condition of low temperature, the body maintains normal body
temperature by sympathetic activity and vasoconstriction, which prevents heat loss and
increases blood pressure.[22] The cold pressor test (CPT), which is a standard test for
characterization of sympathetic function, also make certain that the blood pressure variations
in the response to cold stimulation.[23,24] And CPT has been documented to predict the
subsequent risk of hypertension in normotensive persons.[25] In this study, all the
participants came from the northeastern Han Chinese within 3 generations reside in Lan Xi
(46°20'0"" N, 126° 16'0" E) of Heilongjiang Province. The annual average temperature in this
area is about 5°C and the mean temperature is below 0°C about 6 months of 1 year. The
subjects of previous studies were resident in Henan[6] (the annual average temperature 14.3
°C) and Guangdong province[17] (the annual average temperature 21.8°C). The prevalence of
hypertension was consistently higher in northern than in southern residents (32.4% in
Heilongjiang, 26.1% in Henan, 15.8% in Guangdong).|26] Therefore, the cold environmental
and genetic factors may be the risk factors associated with EH for the population of the cold
region. We will further confirm the relationship between the ACE2 SNP locus and ACE2
protein activity in subsequent experiments.

In addition, we observed that the TC genotype of rs2285666 conferred a protective effect on
EH in female group of all participants. Rs2285666 was 1 of the most frequently investigated
loci in the studies of ACE2 gene polymorphism. Thus far, some prior studies have reported the
relation between rs2285666 and blood pressure change, but these results were inconsistent.
[11,18-20] Two studies reported that the T allele of rs2285666 were significant associations
with hypertension or SBP or DBP in female groups of Chinese population.[18,19] And Zhong
et al found that the C allele of the SNP associated with higher blood pressure.[20] However,
another orthostatic blood pressure study including 3630 Chinese Han subjects indicated that
the hypertension had no association with the rs2285666 locus.[11] In 2 meta-analyses, the
results of rs2285666 polymorphism were also conflicting. One study combined 2528
hypertension patients and 2024 normotensive controls from Chinese Han population and
reported no association between the locus polymorphism and hypertension.[27] The other
study, which included 7251 hypertension patients comprising of Chinese Han, Chinese
Dongxiang, Anglo-Celtic population, showed that the TT genotype of rs2285666 was a
significant association with hypertension in Chinese Dongxiang and Anglo-Celtic females.[28]
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In the present study, we observed that the TC heterozygous genotype of rs2285666 was a
protective factor for EH in females of Chinese Han subjects. The heterogeneity of the
association between rs2285666 gene polymorphism and hypertension may be caused by the
following reasons. First, several reports have shown that hormonal and sex chromosomes
contributed to the blood pressure variations between the sexes.[29,30] Second, there was a
much great difference in the frequency of distribution of ACE2 variants among different
racial and ethnic lines.[19,28] For instance, the T allele frequencies of rs2285666 were 40.1%
in Chinese Han, 32.4% in Chinese Dongxiang, 22.0% in Anglo Celtic.[19,31] At last, it is
possible that the rs2285666 has characteristic of QTL for hypertension. A quantitative trait locus
(QTL) is a region of DNA which is associated with a particular phenotypic trait, which varies in
degree and which can be attributed to polygenic effects, that is, the product of 2 or more genes, and
their environment.[26] Phenotypic variation for quantitative traits is the result of the segregation of
alleles at quantitative trait loci (QTL). Environmental factors and other external influences can also
play a role in phenotypic variation.[26] The previous study has reported that ACE2 gene maps
to a QTL on the X chromosome in 3 different rat models of hypertension.[1]

Furthermore, we found that rs2285666 was a protein truncating variant (PTV) locus through
checking GTEx database, which the type was splice disruption model. PTVs are genetic variants
predicted to shorten the coding sequence of genes,[32] also commonly referred to as loss-of-
function variants as they often result in a non-functional or unstable gene product.[33] PTVs are
generally the strongest acting genetic variants in medical genetics and, as 1 functional copy of the
gene is removed, may often provide insight into what is achievable pharmacologically via inhibition
of the product of the gene.[32] Thus, the homozygous variants of rs2285666 may result in the
product inhibition for ACE2 gene.

The National Center for Biotechnology Information (NCBI) Genotype-Tissue Expression
(GTEXx) database aims to evaluate the relationship between genetic variation and gene
expression in normal human tissues to understand how this relationship contributes to disease
susceptibility and development.|34,35] Expression quantitative trait locus (eQTL) browser in
the GTEx database is a central resource that archives and displays results of a national
research project for determining association between genetic variations and high-throughput
molecular-level expression phenotypes, and this information can provide insight into the
biological relevance of data from genome-wide association studies.[35] To characterize the
functional relevance of the 5 SNP loci found in this study, we utilized this database resource to
evaluate the relationship of these variants with the expression levels of ACE2 in human
different tissues. The GTEx database indicated that the rs879922 polymorphism was a
significant eQTL for ACE2. A significant association was observed between the expression
level of ACE2 and different genotypes of rs879922 in 361 normal tibial nerve (P=7.4x10-5),
whereas the relative expression of ACE2 was significantly lower in subjects with the CC
genotype of rs879922 compared with those carrying the GG/CG genotype (Fig. (Fig.22).

Figure 2

The genotype of 1879922 was correlated with expression of ACE2 in the tibial nerve on GTEx

Portal.
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The LD analysis showed that rs1514283, rs4646155, rs4646176, and rs879922 were in strong LD.
And in haplotype analysis, 3 haplotypes were found in these 4 SNPs. But all the 3 haplotypes were
not significantly different between EH patients and controls (all P>.05) (LFT=0.01, data not
shown). Only when lowest frequency threshold (LFT) was set at 0.001, the frequency of the T-C-C-
G haplotype was significantly higher in controls than in EH patients (OR 0.733, 95% CI 0.544—
0.988, P=.04). Yet haplotype with frequency less than LFT will not be considered in analysis.
Therefore, it is necessary to further confirm the correlation between the haplotype and EH in large
sample size. To sum up, only when more ACE2 SNP locus associated with EH were revealed,
we can fully understand the role of ACE2 in EH. The rich SNPs information can predict the
risk of hypertension, and provide a theoretical basis for the prevention and treatment of
hypertension. And abundant gene polymorphism information can also lay a solid foundation
for personalized medicine. Personalized medicine is becoming a medical reality, as important
phenotype-genotype relationships are uncovered. In addition, the discovery of a large number
of SNP loci associated with hypertension could provide new targets for the research of anti-
hypertensive drugs and the possibility of obtaining more effective anti-hypertensive drugs.
Thus, new SNP locus associated with hypertension are important for the prevention,
diagnosis, treatment of EH and the development of new drugs, and also a key element of
individualized care.

ACE2 undergoes “shedding” from endothelial cells, which result in the release of the ectodomain
with catalytic active into the circulation.[36] The activity of ACE2 can be measured in serum by
ELISA. In reviewing the literature, a number of studies focused on the association between ACE2
activity and EH in animal models.[37-39] However, only few reports noted that the serum
activity level of ACE2 was associated with cardiovascular disease,[40] specifically EH. Thus, in
this study, we evaluated the correlation of ACE2 activity with clinical characters between the
different genders in Chinese Han EH patients. The results indicated that ACE2 activity was
inversely related to DBP in females EH patients. Previously, only 1 research reported the
association between ACE2 activity and DBP response to cold pressor test in women.[24] And a
study in animal model showed that the elevated diastolic pressure in the spontaneously
hypertensive rat was associated with the reduction in ACE2 activity.[37] Moreover, a research
about ACE2 activity in human atrial fibrillation (AF) demonstrated that elevated plasma
ACE2 activity level was associated with impaired left ventricular (LV) diastolic function.[41]
In addition, the association between pulse pressure and ACE2 activity was found in female
EH patient for the first time in this study. The pulse pressure is an important parameter
represented heart function, and a high pulse pressure tends to accelerate the normal aging of
heart. The increased pulse pressure has been considered as a marker of arterial stiffness and
an important predictor of new-onset AF.[42] These results suggested that ACE2 activity could
be a potential biomarker for the variations of blood pressure, providing the useful
information for the prediction and prevention of cardiac dysfunction in EH patients.

Accumulated evidence proves that estrogen participates in the upregulates of ACE2
expression and activity level.[43] Our results showed the positive association between ACE2
activity and estrogen level in EH patients. Estrogen can regulate the components of the renin-
angiotensin-aldosterone system, which increases synthesis of angiotensinogen, ACE2 and
AT2R and decreases the expression of renin, ACE and AT1R.[17] Moreover, estrogen can
impair the increment of aldosterone. Therefore, normal estrogen level can protect female from
being harmed by high blood pressure caused by renin-angiotensin-aldosterone system. These
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results provided evidence that genetic variant of ACE2 plays a vital role in the development of
EH. And the serum ACE2 activity can be used as a potential biomarker for the identification
of blood pressure variation, providing the useful information for the prediction and
prevention of cardiac dysfunction in EH patients.

In summary, here we observed that 5 SNPs (rs1514283, rs4646155, rs4646176, rs2285666, and
rs879922) of ACE2 gene were significantly associated with EH in women of Chinese Han
population. It is the first time to report that the susceptibility of rs4646155 for EH in female
group. In addition, we found the ACE2 activities were significantly correlated with DBP, pulse
pressure and blood glucose in female EH patients. The finding may provide a novel insight
into the clinical diagnosis of EH and the development of antihypertensive drugs.
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Abstract
Background and Purpose

Angiotensin II produces oxidative stress and endothelial dysfunction in cerebral
arteries, and angiotensin II type I receptors may play a role in longevity and vascular
aging. Angiotensin converting enzyme type 2 (ACE2) converts angiotensin II to
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angiotensin (1-7) and thus may protect against effects of angiotensin II. We
hypothesized that ACE2 deficiency increases oxidative stress and endothelial
dysfunction in cerebral arteries, and examined the role of ACE2 in age-related
cerebrovascular dysfunction.

Methods

Endothelial function, expression of angiotensin system components, NADPH oxidase
subunits, and proinflammatory cytokines were examined in cerebral arteries from
adult [12 mo old] and old [24 mo old] ACE2 knockout (KO) and wild type (WT)
mice. The superoxide scavenger tempol was used to examine the role of oxidative
stress on endothelial function.

Results

Vasodilatation to acetylcholine was impaired in adult ACE2 KO [24+6% (mean +/— SE)] compared to WT mice [52+7%, p<0.05]. In old mice,
vasodilatation to acetylcholine was impaired in WT mice [294+6%] and severely impaired in ACE2 KO mice [7+5%]. Tempol improved endothelial
function in adult and old ACE2 KO and WT mice. Aging increased mRNA for TNFa in WT mice, and significantly increased mRNA levels of Nox2,
p47phox, and Rcanl in both ACE2 KO and WT mice. mRNA levels of angiotensin system components did not change during aging.

Conclusions

ACE2 deficiency impaired endothelial function in cerebral arteries from adult
mice and augmented endothelial dysfunction during aging. Oxidative stress
plays a critical role in cerebrovascular dysfunction induced by ACE2 deficiency
and aging.

Keywords: Endothelium, angiotensin converting enzyme 2, aging, cerebral arteries,
oxidative stress
Go to:

INTRODUCTION

Stroke is the second most frequent cause of death from cardiovascular events in the
USI1. Hypertension and endothelial dysfunction increase with age and are risk factors
for stroke2—5. Aging is associated with endothelial dysfunction and oxidative stress
in cerebral arteries6—8. In people without coronary artery disease, endothelial
dysfunction is associated with a four-fold increase in the risk of cerebrovascular
events4. Cerebral endothelial dysfunction may also have a role in the
pathophysiology of vascular cognitive impairment and Alzheimer’s disease9—11, 2.

Angiotensin II increases reactive oxygen species (ROS) and superoxide levels via
increases in expression and activation of NADPH oxidases, a major source of
superoxide anion in the vasculature12. Superoxide reacts with the vasodilator
nitric oxide (NO.) to produce peroxynitrite, resulting in decreased NO
bioavailability and endothelial dysfunction13, 14, 4. Angiotensin II impairs
endothelial function in cerebral arteries and the microcirculation14-16.
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Interestingly, genetic deletion of angiotensin II type 1 (AT1) receptors markedly
attenuates cerebrovascular dysfunction during agings, 6. Pharmacological
modulation of angiotensin signaling in patients with stroke is associated with
decreased inflammation, better functional outcome, and decreased risk for
future cardiovascular events17.

Angiotensin converting enzyme type 2 (ACE2), a homolog of ACE with different
substrate specificity, metabolizes angiotensin II into angiotensin 1-718, 19.
Binding of angiotensin (1-7) to the Mas receptor20 attenuates signaling cascades
activated by angiotensin II, decreases activity of NAPDH oxidase 21, and
produces vasodilatation20, 22. Several studies suggest that ACE2 levels may be
reduced with aging23, 24, which should result in magnification of effects of
angiotensin II. However, little is known about the function of ACE2 in cerebral
arteries or in endothelial dysfunction during aging. In this study, we tested the
hypothesis that ACE2 deficiency increases oxidative stress and vasomotor
dysfunction in cerebral arteries, and examined effects of ACE2 on endothelial
function in adult animals and during aging.

Go to:

METHODS

Experimental animals

Studies were performed in adult [12+0.2 mo old (mean+SE)] and old [24+0.4 mo old] male ACE2 deficient (knockout or KO) and wild type (WT)
mice (n=54). The ACE2 gene is located in the X chromosome, and ACE2 KO mice and WT littermates were derived from breeding heterozygous
females with WT or KO males25. The mice were bred onto a C57 background for eight generations. All experimental protocols and procedures
conform to the National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee of the University of
Iowa.

Studies of endothelial function

Mice were euthanized with an overdose of sodium pentobarbital (150 mg/kg ip). The brain was rapidly removed and placed in ice-cold Krebs
solution. The basilar artery was carefully isolated, removed, cannulated and pressurized to 60 mmHg in an organ bath. After an equilibration period of
30 minutes, baseline diameter was measured and contraction was examined in response to KCI (50 mmol/L). The arteries were submaximally
constricted with the thromboxane A2 analog U46619 before assessment of dilator responses. Endothelium-dependent vasodilatation was tested with
acetylcholine (ACh). Endothelium-independent vasodilatation was tested with sodium nitroprusside (SNP) and papaverine. To test the role of ROS,
arteries were preincubated (30 min) with Tempol (1 mmol/L), a superoxide scavenger, before treatment with acetylcholine.

Cerebral arteries were also used for analysis of gene expression and immunohistochemical studies. Plasma was collected for measurement of
angiotensin levels. Detailed methods are available in the Online-only Data Supplement (http://stroke.ahajournals.org).

Statistics

Results are expressed as mean+SEM. Statistical significance in assays of endothelial function was determined by repeated measures two-way ANOVA
on the complete data set. Then, the significance of comparisons within the adult or old data set was evaluated using Tukey post hoc test, and the
highest (10—4 M) concentration of acetylcholine. Comparison between adult and old mice was performed with ANOVA followed by Newman-Keuls
multiple comparison test. Statistical significance for gene expression and peptide measurement assays was determined by two way ANOVA and
Bonferroni post hoc test. Significant differences were identified when P<0.05. The analysis was performed using Prism 5 (Graphpad, La Jolla, CA)
and was validated in SAS (SAS Institute Inc, Cary, NC).
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RESULTS

Expression of components of the ACE2/Angiotensin 1-7/Mas axis and the
renin angiotensin system

ACE2 deficiency was confirmed in ACE2 KO mice using real time-qPCR in
samples from kidneys and brain arteries (Table 1 and Table S1.). ACE2 mRNA
levels in cerebral arteries and kidneys were not significantly different between
adult and old WT mice. ACE2 mRNA levels in brain cortex from adult and old
WT mice did not change during aging (data not shown).

Table 1
Gene expression in cerebral arteries from adult and old ACE2 KO and WT mice
Adult old
WT ACE2 KO WT ACE2 KO
ACE2 (2%(0)25) &%?03)* 1.39 (£0.17) 0.06 (£0.06)*
Mas (2%(')14) 0.86 (+0.08)1.05 (+0.32) 0.73 (£0.05)
AT1 (1;())(.)14) 0.88 (+£0.27)1.09 (+0.14) 1.07 (£0.21)
FEcSOD #(1£%(.)09) 1.08 (10.11)(1;(‘)(_)18)* 1.42 (+0.10)
gatalase (1£%(-)09) 1.13 (10.11)(1;(‘)‘.‘1 pr 1780181
Nrf2 (2%905) 0.93 (£0.07)1.11 (+0.09) 1.16 (+0.10)
IL-6 (1;())(.)2 057 (+0.21)1.27 (+0.41) 1.76 (+0.70)
TNFa # (2%(')23) 0.99 (J_r0.31)i'03 (£0.39) 1.64 (+£0.28)
Rcanl # (1;())(-)07) 0.98 (10.09)(1;(1510)* 1.41 (£0.09) T
iNOS (1;())(.)17) 0.65 (+0.11)1.16 (£0.24) 1.12 (£0.12)

Data expressed as mean +SEM

n= 67 mice / value

*P<0.05 vs adult WT
+P=<0.05 vs adult KO
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#P<0.05 Overall effect of aging (two-way ANOVA)

The presence of ACE2 protein was assessed using western blotting and
immunostaining. ACE2 expression was confirmed in kidney homogenates from
WT mice, but was absent in kidney homogenates from an ACE2 KO mouse (Fig.
1B). ACE2 protein was not detected by Western blotting in homogenates from
cerebral arteries (Fig 1B). ACE2 expression by immunofluorescence was
abundantly localized in epithelium of renal tubules (Fig 1A). Weak positive
staining for ACE2 was detected in sections from cerebral arteries, but it was
difficult to differentiate from weak background staining in ACE2 KO mice (Fig_
1A).

Figure 1

ACE?2 expression in basilar arteries and kidneys. Panel A: ACE2 staining in basilar
artery, especially in the smooth muscle layer of adult WT mice. ACE staining was
also seen in the epithelium of renal tubules in adult and old WT mice. Staining was
absent in sections from ACE2 KO mice. Similar findings were observed in 3 mice
from each group. Panel B: Western blots showing ACE2 expression in kidney
homogenates from WT mice, and absence of protein in the ACE2 KO mouse. ACE2
staining was not detected by western blotting in brain arteries.

In cerebral arteries and kidneys, mRNA levels of the angiotensin 1-7 receptor Mas
and the angiotensin II type 1 receptor (AT1R) were similar in all groups (Table 1 and
Table S1).

Effect of ACE2 deficiency on blood pressure

Systolic blood pressure was comparable (P>0.05) between adult ACE2 KO
(104+3) and WT mice (1064 mmHg). Similar results were found in old ACE2
KO (113+12) vs WT mice (109+£6 mmHg).

Vascular function in adult ACE2 KO and WT mice

Baseline diameter of the basilar artery under resting conditions (prior to
precontraction) was similar in ACE2 KO (163+£8 pm) and WT mice (172+6pm).
Dilatation to acetylcholine was reduced by ~50% in the basilar artery from adult
ACE2 KO mice [24+£6%] compared to adult WT mice [52+7%, p<0.05]. Tempol
improved responses to acetylcholine in both ACE2 KO (to 78+7%, p<0.05) and WT
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mice (87£13%, p<0.05) (Fig 2A). Vasodilatation to the endothelium independent
agonist, sodium nitroprusside, and papaverine was similar in both groups.

A. Adult Mice B. Old Mice
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Figure 2

Effects of ACE2 deficiency and oxidative stress on vascular function. Panel A:
Vasodilatation to acetylcholine (ACh) in adult ACE2 WT(e, n=5) and KO (o, n=5)
mice. Role of oxidative stress was examined after incubation with tempol of basilar
arteries from adult ACE2 WT (m) and KO (0) mice. Panel B: Vasodilatation to
acetylcholine (ACh), was examined in old ACE2 WT( A, n=5) and KO (A, n=6)
mice. Tempol was also added to arteries from old ACE2 WT (#) and KO (¢) mice.
Values are mean +SE, *p<0.05.

Vasoconstriction to KCI (50 mmol/L) was comparable between ACE2 KO (43+5%)
and WT mice (48+3%). Vasoconstriction to U46619 was also similar in ACE2 KO
(26£1%) and WT mice (25+3%).

Effect of ACE2 deficiency and aging in cerebral vascular function

Diameter of the basilar artery was similar in old ACE2 KO (166 +5 pm) vs WT
(182 £7 pm) mice (p=0.07). Maximal vasodilatation to acetylcholine was
significantly less in old WT mice than in adult WT mice (Fig S1). Similarly,
maximal responses to acetylcholine were less in old ACE2 KO mice than in adult
ACE2 KO mice (p<0.05). In old mice, vasodilatation to acetylcholine was
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profoundly impaired in ACE2 KO mice, and was significantly less than in old
WT mice (Fig 2B). Tempol improved responses to acetylcholine in both old ACE2
KO (p<0.01) and old WT mice (p<0.01). Vasodilatation to sodium nitroprusside
and papaverine was similar in both groups.

Vasoconstriction to KCl was also preserved in ACE2 WT (43+4%) and KO mice
(51£2%). Vasoconstriction in response to U46619 was similar in old ACE2 WT
(28+4%)and KO mice (32£2%).

Oxidative stress and inflammation

mRNA transcript levels of NADPH oxidase subunits p47phox and Nox2 were higher
in cerebral arteries from old vs adult mice (Fig 3). Expression of the subunits was not
affected by genotype (Fig 3). Nrf2 levels were similar in the four groups. Expression
of EcSOD was increased in old WT mice (Table 1). Catalase was increased
significantly in old ACE2 KO and WT mice (Table 1). Nitrotyrosine immunostaining
was relatively low in sections of basilar artery from adult WT mice. Quantification of

these data was difficult, but the immunostaining appeared to be increased in adult
ACE2 KO mice and old ACE2 KO and WT mice (Fig S2).
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Figure 3

Effect of aging on expression of NADPH oxidase subunits. Relative expression levels
of Nox2 and p47phox mRNA in cerebral arteries from adult (black bars) and old
(gray bars) wild type or ACE2 KO mice. Values are mean +SE (n=7/group), *p<0.05
vs adult mice.

Aging was associated with increased mRNA levels of TNFa in WT mice. Rcanl
mRNA levels were also significantly increased in cerebral arteries from both ACE2
KO and WT mice. IL-6 and iNOS mRNA levels were not significantly different
between groups (Table 1).
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Levels of angiotensins in plasma

Angiotensin II levels were not significantly different between adult ACE2 KO and
WT mice (Fig 4A). Angiotensin II levels were not significantly affected by aging
although they tended to be lower in old ACE2 KO and WT mice. Likewise,
angiotensin 1-7 levels were not affected by aging or genotype (Fig 4B).
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Figure 4

Plasma levels of angiotensin peptides. Panel A: Angiotensin II levels in plasma from
adult WT (n=7), adult ACE2 KO (n=6), old WT (n=7) and old ACE2 KO (n=7) mice.
Panel B: Angiotensin 1-7 levels in plasma from adult WT (n=6), adult ACE2 KO
(n=6), old WT (n=6) and old ACE2 KO (n=7) mice. There were no significant
differences in plasma peptide levels between groups. Values are mean +SE.
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DISCUSSION

There are several major new findings in this study. First, genetic deficiency of
ACE2 impaired endothelial function in the cerebral circulation. Second,
cerebrovascular dysfunction during aging was greater in ACE2 KO mice than in
WT mice. Third, oxidative stress plays a key role in cerebrovascular dysfunction
with ACE2 deficiency and during aging. These findings provide evidence for an
important role of ACE2 in the maintenance of endothelial function in cerebral
arteries under normal conditions and support the overall concept that the renin
angiotensin system has a major impact on the cerebrovasculature with aging. We
chose to study cerebral vessels, because cerebral arteries are important
resistance vessels in the brain14 and play an important role in the
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pathophysiology of stroke33. Previous data have shown that young ACE2 KO
mice have endothelial dysfunction in conduit vessels such as aorta26, but effects
on the cerebral circulation and mechanisms responsible for impaired vascular
function in ACE2 KO mice have not been explored.

There is a poor understanding of the role of ACE2 in cardiovascular disease or
stroke. Studies of ACE2 polymorphisms in patients suggest a weak association of
the ACE2 G9570A polymorphism with stroke 27. Decreased expression of ACE2
has been found in kidneys of patients with diabetes and renal disease28.
Hypertension is an important risk factor for stroke and one might expect that
ACE2 deficiency would be associated with hypertension. ACE2 deficiency
however has little or no effect on blood pressure29, and hypertension does not
appear to contribute to endothelial dysfunction in ACE2 deficient mice. We did
not find any significant differences in blood pressure between WT and ACE2
KO mice in either age group. Our values for blood pressures are comparable to
those reported previously for ACE2 KO mice25. These findings in mice are
consistent with studies in humans, in which association of ACE2 polymorphisms
with hypertension is variable30-32.

We found that endothelial function was impaired in adult ACE2 KO mice.
Moreover, we found that cerebrovascular dysfunction during aging was
augmented in old ACE2 KO mice. Because a superoxide scavenger restored
endothelial responses to acetylcholine, our data suggest that oxidative stress
plays a primary role in dysfunction caused by ACE2 deficiency. Furthermore,
nitrotyrosine staining appeared to be higher in basilar arteries from ACE2 KO
mice which suggest that these vessels are exposed to relatively greater oxidative
stress than wild type mice. Consistent with these findings, superoxide has been
proposed to be a key mediator of cerebrovascular dysfunction in other models of

ACE2 may play an important role in regulation of oxidative stress in blood
vessels. ACE2 overexpression prevents angiotensin II-induced increase in ROS
and NADPH oxidase expression in endothelium26. On the other hand, ACE2
inhibition enhanced angiotensin-II-stimulated ROS formation36. We measured
expression of antioxidant proteins, NADPH oxidase subunits, and
proinflammatory genes to explore possible mechanisms that may contribute to
increased dysfunction in ACE2 KO mice. Concordant with previous studiess, 7,
we found that aging increased expression of NADPH oxidase subunits in
cerebral arteries. In addition, gene expression data indicated that aging had a
significant effect on the expression of the proinflammatory molecules TNFa and
Rcan 1. Rcanl modulates vasomotor function37 and its expression is increased
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by angiotensin 1138. We also found an increase in SOD and catalase mRNA levels
in cerebral arteries from old mice, which presumably is a compensatory
mechanism to limit increases in ROS. We did not find changes in Nrf2, which is
thought to be a master regulator of antioxidant expression during aging. Our
findings for antioxidant enzymes and Nrf2 in cerebral vessels differ from
previous studies in which decreased activity and expression of antioxidant
proteins was found in rat aorta 39 and carotid arteries from macaques40.

We initially speculated that expression of ACE2 decreases with aging which, by

loss of inhibitory effects on the renin angiotensin system, might lead to higher
concentrations of angiotensin Il and more angiotensin Il-related cardiovascular

pathology with aging. Multiple lines of evidence suggest an association between
increased angiotensin I1 signaling and aging. First AT1 receptor deficient mice
live longer than WT controls41. Second, cerebrovascular dysfunction with aging
is attenuated in AT1 receptor deficient mice8. Third, long term administration of
AT1 receptor blockers is associated with improved metabolic profiles during

aging, which mimic some of the effects of caloric restriction42. We did not find,
however, an effect of aging on expression of ACE2, Mas or AT1 receptors in

cerebral arteries, kidney, or brain cortex. These results differ from findings in
rat lung, in which expression of ACE2 protein decreases with aging24.

We used mice in which ACE2 is knocked out in all tissues. Contrary to what could be expected, we did not find differences in plasma levels of
angiotensin II or angiotensin 1-7 between ACE2 KO and WT mice. These results agree with previous studies that demonstrated that plasma
angiotensin II or angiotensin 1-7 were not significantly different in plasma from ACE2 deficient and WT mice43, 44. It is possible that other enzymes
including prolyl45 or neutral endopeptidases46 compensate for ACE2 deficiency and maintain normal angiotensin 1-7 levels. Moreover, ACE2
metabolizes several peptides including angiotensin II, apelin, des-Arg9 bradykinin, ghrelin and neurotensins18. Some of these peptides modulate
vasomotor function, so it is possible that the altered vascular phenotype in ACE2 KO mice can be explained by alterations in signaling pathways other
than (or in addition to) the angiotensin II pathway.

In summary, this is the first study to show that ACE2 deficiency impaired
function in cerebral arteries, and exaggerates cerebrovascular dysfunction with
aging. It is known that angiotensin II impairs neurovascular coupling12, induces
oxidative stress and produces vasomotor dysfunction in cerebral arteries15, 16,
and plays an important role in cerebrovascular dysfunction with agings, 9, 22.
Therefore it is possible that by modulating effects of angiotensin II, ACE2 plays
an important role in the maintenance of vascular function and prevention of
cerebrovascular disease. Therapeutic approaches to increase ACE2 levels and
activity might be beneficial in the management and prevention of
cerebrovascular disease.
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Abstract

Background

Obesity increases the risk for hypertension in both sexes, but the prevalence of hypertension is
lower in females than in males until menopause, despite a higher prevalence of obesity in females.
We previously demonstrated that angiotensin-converting enzyme 2 (ACE2), which cleaves the
vasoconstrictor, angiotensin II (Angll), to generate the vasodilator, angiotensin-(1-7) (Ang-(1-
7)), contributes to sex differences in obesity-hypertension. ACE2 expression in adipose tissue
was influenced by obesity in a sex-specific manner, with elevated ACE2 expression in obese
female mice. Moreover, estrogen stimulated adipose ACE2 expression and reduced obesity-
hypertension in females. In this study, we hypothesized that deficiency of adipocyte ACE2
contributes to obesity-hypertension of females.

Methods

We generated a mouse model of adipocyte ACE2 deficiency. Male and female mice with adipocyte
ACE?2 deficiency or littermate controls were fed a low (LF) or a high fat (HF) diet for 16 weeks and
blood pressure was quantified by radiotelemetry. HF-fed mice of each sex and genotype were
challenged by an acute AnglI injection, and blood pressure response was quantified. To translate
these findings to humans, we performed a proof-of-principle study in obese transwomen in which
systemic angiotensin peptides and blood pressure were quantified prior to and after 12 weeks of
gender-affirming 17f-estradiol hormone therapy.

Results

Adipocyte ACE2 deficiency had no effect on the development of obesity in either sex. HF feeding
increased systolic blood pressures (SBP) of wild-type male and female mice compared to LF-fed
controls. Adipocyte ACE2 deficiency augmented obesity-induced elevations in SBP in females, but
not in males. Obese female, but not obese male mice with adipocyte ACE2 deficiency, had an
augmented SBP response to acute Angll challenge. In humans, plasma 17-estradiol concentrations
increased in obese transwomen administered 17p-estradiol and correlated positively with plasma
Ang-(1-7)/Angll balance, and negatively to SBP after 12 weeks of 17p-estradiol administration.
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Conclusions

Adipocyte ACE2 protects female mice from obesity-hypertension, and reduces the blood
pressure response to systemic Angll. In obese transwomen undergoing gender-affirming
hormone therapy, 17p-estradiol administration may regulate blood pressure via the Ang-(1-7)/
Angll balance.
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Background

Obesity is a primary contributor to the development of hypertension in men and women [1,
2]. Although women have increased adiposity compared to men [3, 4], the prevalence of
hypertension is greater in men versus women until menopause [5]. After menopause, the
prevalence of obesity and hypertension increases in women [5], suggesting sex hormone-
mediated mechanisms contribute to protection from obesity-associated hypertension in
women.

The renin-angiotensin system (RAS) plays a primary role in regulating blood pressure. Activation of
the RAS with obesity contributes to hypertension in experimental models [6, 7] and in humans [8,
9]. Adipose tissue expresses components of the RAS necessary for the production of the
vasoconstrictor peptide, angiotensin II (Angll) [10]. Studies from our laboratory demonstrated that
adipose tissue serves as a primary source of elevated plasma concentrations of Angll in obese male
mice with hypertension [7]. However, this finding may be specific to males, as other studies
demonstrated that obese female mice with lower blood pressure than males displayed no
increase in plasma Angll concentrations compared to low fat (LF)-fed controls [11]. Rather,
obesity in female mice was associated with increased plasma concentrations of the vasodilator
peptide, angiotensin-(1-7) (Ang-(1-7)) [11]. Further, compared to lean females, obese female
mice had increased adipose tissue expression of angiotensin-converting enzyme 2 (ACE2), a
monocarboxypeptidase that cleaves Angll to generate Ang-(1-7) [11]. Whole-body deficiency
of ACE2 converted obese female mice to a hypertensive phenotype, elevating blood pressure
to the level of obese males [11]. These results suggest that the balance of Ang-(1-7) to Angll,
regulated by ACE2, is different in males versus females, contributing to sex differences in the
development of obesity-hypertension.

To define mechanisms for sex differences in obesity-hypertension, studies examined the effects
of estrogens to regulate the balance of systemic and/or local concentrations of Ang-(1-7) to
Angll. 17-p estradiol increased ACE2 mRNA abundance in 3T3-L1 adipocytes (a mouse
embryonic fibroblast cell line that can be induced to differentiate into adipocyte-like cells)
through an estrogen receptor alpha (ERa)-mediated mechanism [11]. Moreover,
administration of 17-f estradiol to ovariectomized obese female mice increased adipose ACE2
mRNA abundance, lowered plasma Angll concentrations and decreased systolic blood
pressure [12]. However, 17-p estradiol administration had no effect on these parameters in
ovariectomized obese females that were ACE2 deficient, suggesting that protective effects of
17-B estradiol to prevent obesity-hypertension in females were ACE2-mediated. Taken
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together, these data suggest that estradiol stimulates ACE2 expression in adipocytes to
increase the balance of Ang-(1-7) to Angll and protect females from obesity-hypertension.

In this study, we hypothesized that ACE2 expression in adipocytes protects female mice from
hypertension associated with obesity. To test this hypothesis, we developed a murine model of
adipocyte ACE2 deficiency and used this model to examine effects of adipocyte ACE2
deficiency on the development of hypertension in female and male mice made obese by
consumption of a high-fat (HF) diet. Further, to relate these findings to humans, we
performed a proof-of-principle study examining the associations among blood pressure,
systemic concentrations of estradiol, and the Ang-(1-7)/AnglI balance in a patient population
of transgendered women (biological males) receiving estradiol therapy.

Go to:
Methods

Experimental animals

All studies using mice were approved by an Institutional Animal Care and Use Committee at the University of Kentucky and were conducted in
accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Female mice with loxP sites flanking
exon 4 of the Ace2 gene on a C57BL/6 background (Ace2fl/fl) were bred to male Ace2fl/y hemizygous transgenic mice expressing Cre recombinase
under the control of the adipocyte-specific promoter, adiponectin. The resulting offspring were either experimental animals with adipocyte-ACE2
deletion (Ace2Adipo) or littermate controls (females Ace2fl/fl; males Ace2fl/y). Mice were maintained on a standard murine diet (Harlan
Laboratories, Indianapolis, IN) until 8 weeks of age.

Initial studies characterized the efficiency and specificity of adipocyte ACE2 deficiency using 8-week-old male and female mice (n = 7-8 mice per
genotype). Kidney, heart, liver, subcutaneous (SubQ), and retroperitoneal fat (RPF) were dissected, frozen in liquid nitrogen, and stored at — 80 °C
until use. For Cre expression studies, female mice carrying the transgene with the ROSA26-stop-lacZ reporter (Jackson Laboratory, Bar Harbor, ME,
stock # 0003474) were bred to male Ace2Adipo mice.

For blood pressure studies, 8-week-old male and female mice of each genotype were randomly assigned to receive ad libitum either a low fat (LF,
10% kcal from fat; D12450B, Research Diets Inc, New Brunswick, NJ) or a high fat diet (HF, 60% kcal from fat; D12492, Research Diets, New
Brunswick, NJ) for 4 months (n = 6—13 mice/genotype/diet group). Bodyweight was quantified weekly. Fat and lean mass were measured at week 14
of diet feeding by EchoMRI (EchoMRI-100TM, Echo Medical Systems, Houston, TX). Blood pressure was measured by radiotelemetry in a subset of
mice (n =5 mice per genotype/diet group) at week 16 of diet feeding for 5 consecutive days, and again following acute administration of Angll
(subcutaneous, 20 pg/kg). The method for blood pressure measurement is described previously [13]. Briefly, anesthetized (isoflurane, to effect) mice
were implanted with carotid artery catheters advanced to the aortic arch and radiotelemeter implants (model PA-C10) inserted in a subcutaneous
pocket on the right flank. After 1 week of recovery, blood pressure was monitored continuously, with values reported every 5 s. Inclusion criteria for
blood pressure measurements were (1) pulse pressures > 20 mmHg and (2) pulse pressures > 1 standard deviation of the mean. At study endpoint,
mice were anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.) for exsanguination and tissue harvest.

Acute administration of Angll

HF-fed female Ace2fl/fl and Ace2Adipo and male Ace2fl/y and Ace2Adipo mice (n = 4 mice per group) with radiotelemetry implants were
subcutaneously (interscapular) administered 20 pg/kg of Angll (Sigma-Aldrich) in 0.9% sterile saline. Blood pressure was recorded via telemetry
continuously for 60 min after administration of Angll. Baseline (time = 0 min) blood pressure reported is the average blood pressure over 15 min
prior to administration of Angll. Blood pressure at time = 2, 5, 10, 15, 20, 30, 40, 50, and 60 min following Angll administration is the average value
per minute. Data are reported as time course and as integrated area under the curve (AUC).

Detection of B-galactosidase activity in tissues

Whole organs were fixed in formalin at 4 °C for 1 h, then rinsed three times with buffer (100 mM sodium phosphate, 2 mM MgCl12, 0.01% sodium
deoxycholate, 0.02% NP-40). Organs were incubated overnight in X-gal staining buffer (rinse buffer with 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 1 mg/mL X-gal) and then visualized, where blue staining indicates expression of Cre recombinase.

Tissue DNA and RNA extraction and PCR

Adipose tissue genotyping was performed using DNA extracted from RPF (DNeasy, Qiagen, Alameda, CA). cDNA was generated using the forward
primer: 5'~AGCTCATAGAGAAAGAGGGAGCACG and either the reverse primer: 5~ ACAGCCAGGGTGATACAGAGAAACC (generates
products demonstrating the presence [912 bp] or the absence [723 bp] of the floxed ACE2 gene) or the reverse primer 5'—
AAGGGTAATGTGTGAGCTGGAACCC (generates a 912 bp product demonstrating the deletion of exon 4 of the ACE2 gene).

Total RNA was extracted from tissues using the Maxwell RSC (Promega, Madison, WI). RNA concentrations were determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific, Wilmington, DE); 400 ng of RNA was used for reverse transcription to make cDNA using qScript cDNA
Supermix (Quanta, Gaithersburg, MD). The following mouse primers were used to probe gene products from cDNA amplified using SYBR Green
PCR Master Mix (Quanta, Gaithersburg, MD): ACE2, forward 5'-“TCCAGACTCCGATCATCAAGC, reverse 5'—
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GCTCATGGTGTTCAGAATTGTGT; 18S, forward 5'-CGGCTACCACATCCAAGGAA, reverse 5'-GCTGGAATTACCGCGGCT. Data are
expressed as AACt relative to 18S rRNA.

Studies in humans

This study was approved and work was completed in compliance with approval from the Institutional Review Board of the University of Kentucky.
Study participants were transgender women (biological males) seeking gender-affirming hormone therapy recruited from the endocrine clinic at the
University of Kentucky (n =4 subjects). Inclusion criteria were biologic male subjects between the age of 21 and 60 with a body mass index (BMI)
between 30 and 45 kg/m2 seeking initiation of estrogen therapy for the first time. Exclusion criteria were fasting blood sugar > 126 mg/dL, or use of
diabetes medications, current use of angiotensin-converting enzyme (ACE) inhibitors or angiotensin I receptor blockers (ARBs), anti-inflammatory
medications (e.g., steroids), prior estrogens, or any other medication or condition that may affect the RAS pathway. Note that subjects participating in
this study delayed the use of spironolactone until after at least 12 weeks of estradiol therapy. Subjects were in overall good health and had no
significant hepatic, cardiac, or renal impairment. Subjects were seen at baseline (prior to initiation of estrogen therapy) and 12 weeks after estradiol
treatment (estradiol, 1-2 mg/day, orally, dose determined by the endocrinologist). Blood pressure and anthropometric measurements took place during
office visits at the endocrine clinic. Blood pressure was measured by arm cuff in the seated and resting position. Blood collection took place at the
outpatient Clinical Service Core (CSC) of the institutional Center for Clinical and Translational Science (CCTS). For blood collection, subjects were
fasted overnight and arrived at the outpatient CSC at 8am. Plasma was collected after centrifugation and stored at — 80 °C until analysis.

Quantification of plasma parameters in humans

Estradiol concentrations were quantified using a commercial ELISA kit (Calbiotech, ES180S, Spring Valley, CA; analytical sensitivity of 3 pg/mL).
Angiotensinogen concentrations were quantified using a commercial kit (IBL, 27412, Minneapolis, MN; analytical sensitivity of 0.03 ng/mL). Ang-
(1-7) peptide concentrations were quantified using a commercial kit (Peninsula Labs, San Carlos, CA, S-1330; analytical sensitivity of 0.01 ng/mL).
Plasma renin activity (IBL, IB59131; analytical sensitivity of 0.14 ng/mL) and AnglI peptide concentrations were quantified by enzyme- and
radioimmunoassay, respectively, as described previously [6, 13, 14].

Statistical analyses

Data are presented as mean + SEM. Statistical analyses were performed using SigmaPlot version 12.3. All data passed normality or equal variance
tests or logarithmic transformation was used to achieve normality. Two-tailed Student’s t tests were used for the analysis of data between two groups.
For two-factor analysis, a two-way ANOVA was used to analyze end-point measurements with between-group factors of genotype and diet, followed
by Holm-Sidak for post hoc analyses. Response to acute Angll administration was analyzed as a time course using repeated measures (RM) two-way
ANOVA, and as the integrated area under the curve (AUC). Correlation analyses were performed for plasma parameters and blood pressures of
humans. Values of p < 0.05 were considered to be statistically significant.

Go to:
Results

Development of a mouse model of adipocyte ACE2 deficiency

The ACE2 gene was deleted from adipose tissue using the Cre-Lox system driven by the
adipocyte-specific promoter, adiponectin (Fig. (Fig.1a).1a). ACE2 mRNA abundance was
decreased by 47% in subcutaneous (SubQ) adipose tissue (p = 0.121), and by 51% in
retroperitoneal fat (RPF, p < 0.05) from Ace2Adipo compared to Ace2fl/y mice (Fig.
(Fig.1b).1b). In contrast, there was no difference in ACE2 mRNA abundance in the kidney,
heart, or liver from Ace2fl/y compared to Ace2Adipo mice (Fig. (Fig.1b).1b). Deletion of
ACE2 in Ace2Adipo but not Ace2{l/fl mice was confirmed by PCR in DNA extracted from
RPF (Fig. (Fig.1¢).1c). Positive B-galactosidase staining was present in adipose tissues
(epididymal [EF], RPF, and SubQ) of Ace2Adipo, but not Ace2fl/y mice (Additional file 1:
Figure S1). In contrast, no f-galactosidase staining was present in the liver, heart, or kidney of
Ace2fl/fl or Ace2Adipo mice (Fig. (Fig.11d).
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Fig. 1

Development of a mouse model of adipocyte ACE2 deficiency. a Schematic representation
depicting the loxP-flanked ACE2 allele before (a) and after successive recombination with Flp (b)
and transgenic adiponectin-driven Cre expression (¢). The disrupted allele is shown in ¢, indicating
deletion of exon 4 of the ACE2 gene. b Tissue characterization demonstrating reduced ACE2
mRNA abundance is specific to adipose tissues (subcutaneous, SubQ; retroperitoneal, RPF) (n =
4-8 male mice/genotype). Data are mean + SEM; P < 0.05 compared to Ace2fl/y using t test. ¢
PCR reactions were performed with DNA extracted from RPF (n = 3 female mice/genotype).

Primers amplify a 923 base pair product for the disrupted portion of the ACE2 gene
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Deficiency of ACE2 had no effect on the development of obesity in male or female mice

Both LF- and HF-fed male mice (Fig. (Fig.2b)2b) had significantly greater body weights than
female mice (Fig. (Fig.2a)2a) throughout the study, independent of ACE2 genotype. After 15
weeks of diet feeding, body weight was increased significantly in HF-fed compared to LF-fed
female and male mice (p < 0.001), with no differences in body weight between genotypes (Fig.
(Fig.2a,2a, b). In LF-fed mice of both genotypes, male mice had greater fat mass and less lean
mass (as a percentage of body weight) compared to female mice (Fig. (Fig.2¢,2¢, d; p <0.001).
In HF-fed mice of both genotypes, female mice had greater fat mass (as a percentage of body
weight) compared to male mice (Fig. (Fig.2d;2d; p < 0.001). While HF-feeding increased fat
mass in both female and male mice (p < 0.01), the percent increase in fat mass was markedly
higher in females (313% and 260% increase in Ace2fl/fl and Ace2Adipo, respectively)
compared to males (55% and 47% increase in Ace2fl’y and Ace2Adipo, respectively), with no
differences between genotypes. Lean mass percentage of body weight decreased in both female
and male mice with HF-feeding (Fig. (Fig.2c;2¢; p < 0.01). Within genotypes, lean mass was
greater in HF-fed male Ace2fl/y (p < 0.01) but not Ace2Adipo male mice compared to female
counterparts (Fig. (Fig.22c¢).
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Deficiency of ACE2 in adipocytes has no effect on the development of obesity in male or female
mice. Body weights (weekly) of female Ace2fl/fl (a) or male Ace2fl/y (b) and Ace2Adipo mice
fed a low fat (LF) or high fat (HF) diet. Lean mass (c¢) and fat mass (d) (as % body weight) of
female or male mice from each genotype fed the LF or HF diet. Data are mean + SEM from n =
6—13 mice/genotype/diet. *p < 0.05 compared to LF within sex using two-way ANOVA followed
by Holm-Sidak pairwise analysis; @p < 0.01 compared to female within diet group using two-way

ANOVA followed by Holm-Sidak pairwise analysis

Ace2 deficiency in adipocytes increases SBP of HF-female mice to the level of wild-type HF-
fed male mice

Male Ace2fl/y mice had elevated SBP compared to female Ace2fl/fl controls under both LF-
and HF-fed conditions (24 h; Fig. Fig.3a;3a; p < 0.01). Similarly, DBP of LF-fed male Ace2fl/y
mice was also higher than LF-fed Ace2fl/fl females (24 h; Fig. Fig.3b;3b; p <0.001). In
response to a HF diet, female Ace2fl/fl mice had increased SBP and DBP compared to LF-fed
Ace2fl/fl female mice (Fig. (Fig.3a,3a, b; p <0.001). Male HF-fed Ace2fl/’y mice exhibited an
increase in SBP, but not DBP, compared to male LF-fed Ace2fl/y controls (Fig. (Fig.3a,3a, b; p
<0.01).
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Fig. 3

ACE2 deficiency in adipocytes increases blood pressures of obese female, but not obese male
mice. Systolic blood pressures (SBP, 24-h average) (a) of female Ace2fl/fl and male Ace2fl/y and
Ace2Adipo mice fed a LF or HF diet for 4 months. Diastolic blood pressures (DBP) (b) of female
and male mice of each genotype fed the LF or HF diet for 4 months. Data are mean + SEM from
4-5 mice/genotype/diet. *p < 0.01 compared to LF within sex using two-way ANOVA followed by
Holm-Sidak pairwise analysis; #p < 0.05 compared to Ace2fl/fl within sex group using two-way
ANOVA followed by Holm-Sidak pairwise analysis; @p < 0.01 compared to female within diet

group using two-way ANOVA followed by Holm-Sidak pairwise analysis

Under LF feeding, male Ace2Adipo mice had elevated SBP and DBP compared to LF-fed female Ace2Adipo mice (Fig. (Fig.3a,3a, b; p <0.001). In
response to the HF diet, female Ace2Adipo mice exhibited an increase in SBP and DBP compared to LF-fed Ace2Adipo females (Fig. (Fig.3a,3a, b; p
< 0.01). Moreover, SBP of HF-fed female Ace2Adipo mice were elevated significantly compared to HF-fed Ace2fl/fl females (Fig. (Fig.3a;3a; p <
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0.05). In contrast, there was no effect of HF diet on SBP or DBP in Ace2Adipo male mice (Fig. (Fig.3a,3a, b; p > 0.05). Moreover, deficiency of
ACE?2 in adipocytes of HF-fed females resulted in blood pressure levels (SBP and DBP) that were similar to those of HF-fed Ace2fl/y male mice.

Female LF-fed mice, regardless of genotype, had significantly more physical activity than LF-fed males (Tables (Tables11 and and2;2; 24 h, p <
0.01). HF-feeding resulted in a significant reduction in physical activity in females of each genotype (Table (Tablel;1; p <0.05). In contrast, there
was no significant effect of HF-feeding on physical activity of male mice of either genotype (Table (Table2;2; p > 0.05). Heart rates of female mice
were higher than males regardless of diet or genotype (Tables (Tables11 and and2;2; p < 0.05). Moreover, HF feeding resulted in a significant increase
in heart rate for each sex and genotype (Tables (Tables11 and and2;2; p < 0.05).

Table 1

Telemetry parameters of female mice

Ace2 fl/fl Ace2 Adipo
LF HF LF HF
24 h
MAP (mmHg) 105.3 £ 1.1 1124+ 2.1* 106.1 £ 0.7 117.7 £ 2.1, #

Heart rate (bpm) 584 + 8 617 + 9% 563 £4# 622+ 7*
Activity (counts/min) 12.8+1.4 6.5+0.6* 99+15 6.4+0.8*

PP (mmHg) 322+12 308+14 30.7+15 32015
Light

SBP (mmHg) 1153+ 1.1 122.3+1.9*% 1149+ 1.3 127.8 + 2.5*

DBP (mmHg) 845+08 92.7+24* 852+13 97.1+1.0*%

MAP (mmHg) 100.7 £ 0.7 100.8 £ 2.0* 100.8 £ 1.2 113.3 + 2.1%*, #

Heart rate (bpm) 576.6 + 8.2 606.8 + 9.3* 549.0 £ 4.5 610.8 £ 9.5*
Activity (counts/min) 7.1+1.0 49+04* 58+0.7 43%0.7

PP (mmHg) 30.8+1.2 296+13 29.7+13 30.6+1.3
Dark

SBP (mmHg) 128.3+0.4 134.3+1.9 129.0+ 1.7 139.7 £ 2.4*

DBP (mmHg) 940+16 101.4+28* 96.7+0.6 1053+ 1.7*

MAP (mmHg) 111.8+1.6 1185+ 2.2* 113.5+0.9 123.6 + 2.0*

Heart rate (bpm) 596.4 + 8.1 634.0 £ 8.4* 578.9 + 6.8 635.0 + 7.0*
Activity (counts/min) 20.0+ 1.8 89+0.8* 15.1+2.5 94+ 1.2%
PP (mmHg) 344+13 329+15 322+17 338%14

PP pulse pressure, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial

pressure

Data are mean + SEM ( n = 4-5 mice/diet/genotype)

* p <0.05 compared to LF within genotype following pairwise statistical analysis

#p <0.05 compared to Ace2fl/fl within the diet group following pairwise statistical analysis

Table 2

Telemetry parameters of male mice

Ace2 flly Ace2 Adipo
LF HF LF HF
24 h
MAP (mmHg) 1125+0.8 117.7+0.7% 1141+09 1153+1.2

Heart rate (bpm) 556.7£6.7 582.2+7.5*% 559.7+6.5 581.1+ 14.2%*

Activity (counts/min) 5.9 + 0.7 5.0+£0.5 5.6+0.8 5.5+0.7

PP (mmHg) 31.3+2.1 382+1.0 33.8+2.0 33.18+2.8
Light

SBP (mmHg) 1209+ 1.3 130.0+1.6* 123.88+ 1.6 128.8 + 2.5
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Ace2 flly Ace2 Adipo

LF HF LF HF
DBP (mmHg) 91.6+£06 93.3+1.1 919+12 946+1.6
MAP (mmHg) 106.3+04 112.2+1.2* 108.1+0.8 1109+1.5
Heart rate (bpm) 524.3+£5.2 555.3+10.1*% 534.6 + 11.1 561.4 £ 13.0
Activity (counts/min) 3.0 £ 0.3 3.3+£0.5 3.0+04 3.5+£0.2
PP (mmHg) 29.2+19 356+0.8 31.9+19 323+25

Dark

SBP (mmHg) 139.0+1.3 142.1+23 140.5+25 1345+3.7
DBP (mmHg) 105.3+2.1 1043+1.2 104.1+1.0 102.5+1.6
MAP (mmHg) 1223 +1.3 1254+1.7 1224+14 1204+2.2
Heart rate (bpm) 598.6 £ 10.6 621.3+7.7 595.3+3.7 6149+ 15.0
Activity (counts/min) 10.8 +1.1 7.3 +0.7 9.2+14 7.4+1.7
PP (mmHg) 33.7+25 409+14 364+22 351+3.0

PP pulse pressure, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial

pressure
Data are mean = SEM ( n = 4-5 mice/diet/genotype)
*p <0.05 compared to LF within genotype following pairwise statistical analysis

#p < 0.05 compared to Ace2fl/y within the diet group following pairwise statistical analysis

SBP response to acute Angll challenge is augmented in obese female mice with adipocyte-ACE2
deficiency

Previous studies demonstrated that adipocyte-derived AngllI contributes to increased SBP of
HF-fed male mice [7]. AngllI is a substrate for ACE2. Therefore, we challenged HF-fed Ace2fl/
fl and Ace2Adipo male and female mice with a single dose of the ACE2 substrate, AnglI (20
pg/kg body weight, subcutaneous) and quantified blood pressure. In male and female mice of
each genotype, SBP was increased by administration of Angll, with a rapid peak blood
pressure effect within 2 minutes of Angll administration; Fig. Fig.4a,4a, b). Female HF-fed
Ace2Adipo mice exhibited an increased maximal blood pressure response to Angll (Fig.
(Fig.4a;4a; p < 0.05) that was extended in duration compared to HF-fed Ace2fl/fl females, as
evidenced by an increased AUC (blood pressure response above baseline through 60 min; Fig.
Fig.4c;4c; p < 0.05). In contrast, there was no significant effect of adipocyte ACE2 deficiency
on the maximal response or duration of the blood pressure response to Angll between HF-fed
male Ace2fl/y and Ace2Adipo mice (Fig. (Fig.4b,4b, d).
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Fig. 4

Systolic blood pressure (SBP) response to acute Angll challenge is augmented in obese female, but
not obese male mice with adipocyte-ACE2 deficiency. At 4 months of HF feeding, the time course
of SBP following an acute injection (sc) of AnglI (20 pg/kg) to female Ace2fl/fl (a) or male
Ace2fl/y (b) and Ace2Adipo mice. Data are reported as the average blood pressure per minute at
each time point. Integrated area under the curve (AUC) corresponding to the time course of SBP
response to Angll for HF-fed female Ace2fl/fl (¢) or HF-fed male Ace2fl/y (d) and Ace2Adipo
mice. Data are mean + SEM for n = 4 mice/genotype. #p < 0.05 compared to Ace2fl/fl at each
time point using repeated measures (RM) two-way ANOVA; *p < 0.05 compared to Ace2fl/fl

using t test
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In obese transwomen administered 17f3-estradiol, increased plasma Ang-(1-7)/Angll balance is
inversely correlated with changes in SBP

We sought to translate findings from experimental mice to humans and therefore examined effects
of 12 weeks of estradiol therapy on plasma Ang-(1-7)/Angll balance and SBP in obese transwomen
initiating gender-affirming hormone therapy (n = 4 subjects). Body mass index (BMI), as an index
of obesity, was not significantly influenced by estradiol administration (Table (Table3;3; p > 0.05).
As anticipated, plasma concentrations of estradiol were increased significantly with estradiol
treatment compared to baseline estradiol concentrations (Fig. (Fig.5a;5a; p < 0.05), although
estradiol levels in one subject did not reach the target estradiol levels for gender-affirming hormone
therapy (81.3 pg/mL vs target range of 90-200 pg/mL). Plasma concentrations of individual
components of the RAS (angiotensinogen, renin, Angll, Ang-(1-7)) were not significantly
influenced by estradiol administration compared to baseline values (Table (Table3;3; p > 0.05). The
ratio of plasma concentrations of Ang-(1-7) to Angll, a surrogate for ACE2 activity, was increased
2.57-fold with estradiol compared to baseline, but this effect was not statistically significant (Table
(Table3;3; p =0.19). Moreover, after 12 weeks of estradiol administration, the balance of Ang-(1-
7)/Angll in plasma correlated positively to plasma estradiol concentrations, although the correlation
was not statistically significant (Fig. (Fig.5b;5b; 12 = 0.746; p = 0.136). In addition, after 12 weeks
of estradiol administration, the increase in plasma Ang-(1-7)/Angll balance correlated significantly
to reductions of SBP (Fig. (Fig.5c;5¢; 12 =0.967; p=0.016).

Table 3

Characteristics of obese, transgendered women at baseline, and 12 weeks following oral estradiol
therapy.

Parameter Baseline 12 weeks of estradiol
BMI (m/kg2) 37.5+34 38.1+34
Plasma renin activity (ng/mL*h) 0.85+ 0.25 0.76 £ 0.25
Plasma angiotensinogen (pg/mL) 17.0+3.9 20.8+5.0
Plasma AnglI (pg/mL) 42.3£9.0 40.8 £14.6
Plasma Ang-(1-7) (ng/mL) 0.36 £ 0.05 0.42 + 0.02
Ratio of Ang-(1-7)/Angll (pg/mL) 5.53 £ 1.74 14.13 + 3.73
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Fig.5

Administration of 17f-estradiol to obese transwomen initiating gender-affirming hormone therapy
increases plasma concentrations of 17-estradiol, which correlates positively to plasma Ang-(1-7)/
Angll balance and negatively to systolic blood pressures (SBP). a Plasma 17f-estradiol
concentrations before (baseline) and after administration of 17p-estradiol to obese transwomen for
12 weeks. b Scatterplot showing the correlation between the ratio of Ang-(1-7) to Angll
concentrations in plasma to plasma 17p-estradiol concentrations after 12 weeks of 17p-estradiol
administration. ¢ Scatterplot showing correlation between change in SBP and the ratio of Ang-(1-7)
to Angll in plasma following 12 weeks 17B-estradiol administration. N = 4 subjects. *p < 0.05

compared to baseline

Go to:

Discussion

This study investigated the role of adipocyte ACE2 in the differential regulation of blood
pressure in female versus male mice with diet-induced obesity. We translated these
experimental findings to humans by studying the effects of estradiol therapy in transwomen
on the plasma Ang-(1-7)/Angll balance and blood pressure. The major findings of these
studies are (1) deficiency of ACE2 in adipocytes increased SBP in obese female, but not male
mice, (2) obese female, but not male mice with adipocyte ACE2 deficiency exhibit an
augmented blood pressure response to the ACE2 substrate, Angll, (3) administration of
estradiol as part of gender-affirming hormone therapy in a small, proof-of-principle study led
to higher plasma Ang-(1-7)/Angll balance, which correlates inversely to change in systolic
blood pressure in obese transwomen. These data demonstrate a role for adipocyte ACE2 in
protection of female mice from obesity-hypertension. Moreover, since the human study
demonstrated a correlation between serum estradiol concentrations and the systemic Ang-(1-
7)/Angll balance and blood pressure, these results suggest that positive regulation of ACE2 by
estrogen may serve as a potential protective mechanism against obesity-hypertension in
females.

Obesity is a prominent risk factor for the development of hypertension. Despite the increased
prevalence of obesity in women versus men, premenopausal women have a lower prevalence
of hypertension, suggesting that the blood pressure-elevating effects of obesity are lower in
women. Polymorphisms of ACE2 have been linked to essential hypertension in females [15]. A
recent study demonstrated that systemic ACE2 activity levels were negatively correlated with
BMI and blood pressure in female essential hypertension patients [16]. Previous studies from
our laboratory demonstrated that plasma Ang-(1-7) concentrations were higher in obese
normotensive female mice than obese hypertensive male mice and were associated with
increased adipose tissue expression and activity of ACE2. In contrast, ACE2 expression and
activity in the kidney, a site with considerable expression of the Ang-(1-7) peptide-forming
enzyme, were not altered in obese male or obese female mice compared to lean controls.
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Whole-body deficiency of ACE2 increased blood pressure in obese male mice and converted
female obese mice to a hypertensive phenotype [11]. Moreover, obese hypertensive ACE2
deficient females exhibited reductions in plasma concentrations of Ang-(1-7) [11]. However,
the cell type responsible for effects of whole-body ACE2 deficiency to promote obesity-
hypertension in both sexes was not identified. Findings from the present study extend
previous results by demonstrating that adipocyte ACE2 contributes to protection from
obesity-hypertension in females, but not in obese males. Since previous findings demonstrated
that whole body deficiency of ACE2 increased SBP in both obese female and male mice [11],
these results suggest that effects of ACE2 deficiency to promote obesity-hypertension in males
were not adipocyte-mediated. In contrast, our results suggest that in obese females, adipocytes
are the predominant source of ACE2 for the development of obesity-hypertension.

We demonstrated previously that 17p-estradiol promoted ACE2 mRNA expression in 3T3-L1
adipocytes by eliciting ERa-binding to the ACE2 promoter [12]. Further, administration of 17§-
estradiol to obese ovariectomized female mice reduced blood pressure and stimulated ACE2 activity
and mRNA abundance in adipose tissue, while having no effect on blood pressures of obese ACE2-
null females [12]. In this study, deletion of ACE2 in adipocytes increased blood pressures of obese
female mice, but had no effect on blood pressures of obese male mice. These findings are consistent
with published reports of estrogen regulation of the ACE2/Ang-(1-7) axis, which would support a
sex-specific effect of adipocyte ACE2. For example, in ovariectomized hypertensive rats,
administration of 17-estradiol reduced blood pressure and promoted the production of Ang-(1-7)
[17]. In a renal wrap model of hypertension in female rats, 17B-estradiol administration to
ovariectomized female rats with renal wrap hypertension upregulated renal ACE2 expression and
activity and reduced renal injury [18]. However, it is possible that testosterone also regulates ACE2
expression, since renal ACE2 activity was demonstrated to be higher in male compared to that in
female mice [11, 19]. Moreover, since previous findings demonstrated that ACE2 activity was
increased by obesity in adipose tissue of female, but not male mice [11], then these results suggest
that obesity per se may introduce sex- and tissue-specific regulation of ACE2. Regardless, results
from the present study indicate a primary role for adipocyte ACE2 in the development of obesity-
hypertension in females.

An interesting finding of the present study was an augmented response to an acute blood pressure
challenge with AnglI in female, but not in male obese mice with adipocyte ACE2 deficiency. Since
Angll is a substrate of ACE2, then these results suggest that adipocyte ACE2 deficiency either
influences the systemic half-life of AnglI and the balance of Ang-(1-7)/Angll, or that local
conversion of systemic Angll to Ang-(1-7) by adipocyte ACE2 regulates blood pressure. In
agreement, previous findings from our laboratory demonstrated that adipocyte expression of
angiotensinogen, the precursor to Angll, influences systemic concentrations of AnglI and the
development of obesity-hypertension in male mice [7]. These results suggest that local expression
of components of the RAS can influence systemic levels of these components and the circulating
production of angiotensin peptides. In support, the liver was demonstrated as a primary source of
renal Angll [20], and hepatic deficiency of angiotensinogen was demonstrated to influence adipose
explant production of angiotensinogen in obese male mice [7]. It is unclear from the present study if
adipocyte ACE2 influences the systemic half-life of Angll; however, results from this study
demonstrate that adipocyte ACE2 regulates the blood pressure response to an acute systemic Angll
challenge.
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In normotensive humans, blood pressure is higher in males than in females [21]. This finding
is consistent with studies in rodents, where normotensive male rats have higher blood
pressures than female rats [22]. Our results extend these and other findings [11] by
demonstrating that obese female wild type mice have lower blood pressures than obese males.
Blood pressure is thought to be directly related to adiposity [9]. Thus, it is noteworthy that
HF-fed females had more adiposity than HF-fed males, but yet had lower blood pressures
than obese males. These findings suggest that the more expanded fat mass of HF-fed females
results in the potential production of adipocyte-derived factors, such as ACE2, that protect
against obesity-hypertension. Alternatively, the presence of estrogens in obese females
augments the production of protective factors, such as adipocyte ACE2, to blunt the
development of obesity-hypertension. Additional vasoprotective effects of estrogen include
induction of nitric oxide to promote vasodilation [23] and blunting of vasoconstrictor effects
mediated by the sympathetic nervous system [24]. Even with obesity, estrogen may have
positive metabolic effects such as increased energy expenditure, regulation of food intake, and
inhibition of adipogenesis [25]. Thus, declining estrogen levels resulting in both increasing
body weight and loss of vascular protection may contribute to the rise in hypertension post-
menopause.

To translate these findings from mice to humans, we performed a proof-of-principle study in obese
transwomen initiating gender-affirming hormone therapy with 178-estradiol. Approximately 1.4
million persons in the USA, or 0.6% of adults, identify as transgender [26, 27]. Unfortunately, the
cardiovascular health of transgender persons taking cross-sex hormone therapies long-term is
largely unknown. In this study, we focused on obese transgender women before and after initiation
of 17B-estradiol administration for 3 months as part of standard transgender therapy. Notably,
participation in this study required delaying the use of spironolactone for 12 weeks, which limited
participation. Previous studies found that in 21 transgender women taking 173-estradiol (2—6
mg/day) for 5 years, plasma estradiol levels rose from 108 to 237 pmol/L, and systolic blood
pressure decreased from 119 to 112 mmHg [28]. We recently demonstrated a negative correlation
between BMI and estradiol dose needed to achieve target estradiol levels of 90-200 pg/mL [29],
likely due to higher estradiol levels found in obese males from aromatization of androgens to
estrogens in adipose tissue [30—32]. In agreement, results from this study demonstrate mean
plasmal7- estradiol concentrations reached the target estradiol levels despite use of a fairly low
dose of 17B-estradiol (1-2 mg/day) in obese transwomen. In the current study, we report 12 weeks
of estradiol therapy had no significant effect to modulate individual components of the RAS, which
is at odds with published literature reporting significant systemic alterations of the RAS by estradiol
[33]. However, studies of estrogen’s influence on the RAS in humans are largely based on hormonal
changes throughout the menstrual cycle [34], during pregnancy [35], or with estrogen-replacement
therapy [36] in cisgender women. To our knowledge, these are the first studies examining effects of
17B-estradiol administration to obese transwomen on indices of the systemic RAS. Moreover, our
results extend previous findings by demonstrating an association between 17f3-estradiol levels,
plasma Ang-(1-7)/Angll balance, and systolic blood pressures of transwomen.

There are several limitations to the clinical study. First, there were challenges in recruitment due to
participation requiring a delay in use of spironolactone therapy for its anti-androgenic effects.
Second, we do not have measures of testosterone levels in these transwomen; testosterone was not
measured as the literature reports inconsistent effects of estradiol on testosterone levels [37, 38],
and there is no evidence that testosterone levels affect desired body changes of gender-affirming
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hormone therapy. Third, these measures were drawn only once after only 12 weeks of therapy, and
although mean plasma 17B-estradiol levels achieved the target of 90-200 pg/mL, not all subjects
achieved a plasma 17f-estradiol level in the target range on their initial prescribed dose of estradiol.
Further changes in the RAS may occur over more prolonged therapy. Finally, we were unable to
determine if adipose ACE2 contributes to the observed associations between systemic 17f3-estradiol
concentrations, plasma Ang-(1-7)/Angll balance, and blood pressure. However, taken together, the
murine and clinical data support estrogen regulation of ACE2 as a contributor to blood pressure
regulation in the development of obesity-hypertension.
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Conclusions

In conclusion, these results demonstrate that deficiency of ACE2 in adipocytes augments the
development of hypertension and the pressor response to Angll in obese female, but not obese
male mice. These results suggest that adipocyte ACE2 protects female mice from the
development of obesity-hypertension. Moreover, translation of these findings to obese
transwomen demonstrates a negative association among plasma Ang-(1-7)/Angll balance and
systolic blood pressure with increased plasma 17p-estradiol concentrations. Taken together,
these results suggest that adipocyte-derived ACE2 regulates the balance of vasodilator (Ang-
(1-7) to vasoconstrictor (Angll) angiotensin peptides and contributes to sex differences in
obesity-hypertension.
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Abstract
Background

Particulate matter (PM) adverse effects on health include lung and heart damage. The renin-
angiotensin-aldosterone (RAAS) and kallikrein-kinin (KKS) endocrine systems are involved in the
pathophysiology of cardiovascular diseases and have been found to impact lung diseases. The aim
of the present study was to evaluate whether PM exposure regulates elements of RAAS and KKS.

Methods

Sprague—Dawley rats were acutely (3 days) and subchronically (8 weeks) exposed to coarse (CP),
fine (FP) or ultrafine (UFP) particulates using a particulate concentrator, and a control group
exposed to filtered air (FA). We evaluated the mRNA of the RAAS components Atl, At2r and Ace,
and of the KKS components Blr, B2r and Klk-1 by RT-PCR in the lungs and heart. The ACE and
AT1R protein were evaluated by Western blot, as were HO-1 and yGCSc as indicators of the
antioxidant response and IL-6 levels as an inflammation marker.

We performed a binding assay to determinate AT 1R density in the lung, also the subcellular AT1R
distribution in the lungs was evaluated. Finally, we performed a histological analysis of
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intramyocardial coronary arteries and the expression of markers of heart gene reprogramming
(Actal and Col3al).

Results

The PM fractions induced the expression of RAAS and KKS elements in the lungs and heart
in a time-dependent manner. CP exposure induced Ace mRNA expression and regulated its
protein in the lungs. Acute and subchronic exposure to FP and UFP induced the expression of
Atlr in the lungs and heart. All PM fractions increased the AT1R protein in a size-dependent
manner in the lungs and heart after subchronic exposure. The AT1R lung protein showed a
time-dependent change in subcellular distribution. In addition, the presence of AT1R in the
heart was accompanied by a decrease in HO-1, which was concomitant with the induction of
Actal and Col3al and the increment of I1L-6. Moreover, exposure to all PM fractions
increased coronary artery wall thickness.

Conclusion

We demonstrate that exposure to PM induces the expression of RAAS and KKS elements,
including AT1R, which was the main target in the lungs and the heart.

Keywords: Renin-angiotensin-aldosterone system, Kallikrein-kinin system, Particulate matter
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Background

Air quality has been associated with increases in the morbidity and mortality due not only to
pulmonary diseases but also to cardiovascular diseases. While the first group of diseases can
be explained by the fact that the respiratory system is the major route of exposure to air
pollutants, the second group could be a consequence of intermediate steps that connect lung
damage to cardiovascular alterations . Epidemiological studies indicate that particulate
matter (PM) is involved in these diseases and that exposure to particulate less than 2.5 pm is a
major risk factor for the promotion and exacerbation of pulmonary and heart diseases [1-4].

The main mechanisms proposed to explain PM-induced toxic effects on human health are
inflammation and oxidative stress. Recently, it has been demonstrated that the inflammatory
response to PM promotes accelerated clotting with the participation of IL-6 cytokine [5].
Furthermore, oxidative stress can decrease heart rate variability after acute PM exposure [6].
Both mechanisms are involved in the pathophysiology of lung and heart diseases, i.e., COPD,
asthma, fibrosis, hypertension, atherosclerosis, thrombosis, heart failure, etc., and are able to
regulate or promote physiological responses including the activation of macrophages and
neutrophils, regulation of the vascular tone, and production of mediators of signaling
pathways, amongst others.

Important endocrine systems that regulate cardiovascular physiology are the Renin-
Angiotensin-Aldosterone system (RAAS) and the Kallikrein-Kinin system (KKS).

Both systems are composed of peptidase enzymes [angiotensin-I converting enzyme type-1
and -2 (ACE and ACE2, respectively) and tissue kallikrein (KLLK-1)]; and receptors
[angiotensin receptors type-1 and type-2 (AT1R and AT2R, respectively); and bradykinin
receptors type-1 and type-2 (B1R and B2R)|; and peptide precursors [angiotensinogen and
kininogen (ANG and KNG, respectively)| [7-10]. Both systems control cardiac muscle
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contraction through vasoactive peptides, RAAS induces vasoconstriction through the
ACE/Ang-1I/AT1R axis, but by itself, RAAS can induce vasodilatation by the stimulation of
NO-bradykinin dependent release through ACE2/Ang-(1-7)/Mas receptor axis [11], which
also, in cooperation with B2R, AT2R induces a vasodilatation effect. This effect orchestrated
by B2R, increases the release of NO through the activation of endothelial oxide nitric synthase
(eNOS) [8, 12]. Vascular dilatation has been reported to be dependent of KLLK-1, B2R and
AT?2R [13], where KLLK-1 has an important role in the generation of the vasodilator peptides
(bradykinin and kallidin) [14, 15].

Moreover, angiotensin-1I through the AT1R promotes the activation of NADH/NADPH
oxidase and the production of superoxide anion radicals as second messengers [16, 17] as well
as B1R receptor does when it recognizes the des-Arg-bradykinin [18, 19]. In this sense, AT1R
activation induces the expression of BIR [20, 21] and both induce a vasoconstriction effect
with an increment in blood pressure [19, 22].

Furthermore, during the inflammation process RAAS and KKS are active participants of this
process, AT1R is up-regulated by TNFa [23], IL-6 [24] and IL-1a, but is down-regulated by
TNFa and INFy combined [25]. Ang-11, through AT1R, induces IL-6 release and is inhibited
by pyrrolidine dithiocarbamate radical scavenger [26]. On the other hand there is not enough
information about cytokines regulating AT2R expression. KKS induces allodynia through
B1R as part of the role in hyperalgesia [18]; macrophages release TNFa and IL-1 through the
B1R pathway [27]. In lung fibroblasts B2R activation induces the release of IL-6 and 1L-8
[28], and also IL-1p through a NF-kB-dependent pathway [28]. In summary, both systems
control cardiac muscle contraction, levels of nitric oxide [8, 29], and are involved in the
inflammatory response [30, 31] and in the blood coagulation state [32, 33].

There is a sustained cross-talk and a counterbalance between RAAS and KKS through the
activation and degradation of vasoactive peptides through angiotensin-converting enzyme-I
(ACE), which activates angiotensin-I to angiotensin-II and degrades bradykinin to bradykinin
(1-5) [34-36]. It is important to note that one of the main metabolic functions of the lungs is
the activation and degradation of these peptides [36, 37].

During pathological cardiovascular states, the RAAS is overexpressed, as demonstrated in
diseases such as hypertension, atherosclerosis, heart infarction and heart failure. However,
recent evidence also indicates its participation in the pulmonary fibrosis induced by
bleomycin [38] and bronchial hyperresponsiveness in asthmatic patients [39].

PM exposure has been established as a risk factor for lung and cardiovascular diseases, and
RAAS and KKS are involved in the pathophysiology of these afflictions. However, there is not
currently enough evidence to confirm whether RAAS and KKS are involved in the response to
PM exposure. Ulrich et al. demonstrated that the activity of angiotensin-converting enzyme
(ACE) in plasma and its mRNA in the lung decreased after 4 or 7 days of exposure to ECH-93
PM and ozone [40]. Gunisson and Chen reported a 1.5-fold increase in the differential
expression of Atlr in a lung microarray of double-knockout mice (apoE -/- and LDLr-/-)
exposed subchronically to ultrafine particulates (6 h/day; 5 days/week for 4 months) [41]. Li et
al. observed ex-vivo vasoconstriction of pulmonary artery rings exposed to PM (1-100 pg/ml),
the soluble fraction of the PM, and metals including copper and vanadium. This observation
was associated with an activation of MAPK signaling. These effects were completely inhibited
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by losartan and partially with captopril, a blocker of AT1R and an inhibitor of ACE,
respectively [42]. Other studies using a mouse model of long-term exposure to PM2.5 reported
cardiac remodeling observed to be associated with a switch to fetal reprogramming, the
induction of fibrosis and hypertrophic markers and the impairment of the myocardial
contraction [43, 44]. These processes have been reported to be mediated by RAAS.

There is not currently sufficient evidence to establish whether PM exposure could affect
expression of RAAS and KKS elements. We therefore hypothesized that PM regulates
expression of RAAS and KKS elements in the lungs, and concurrently in the heart, and these
changes are accompanied by antioxidant/inflammation and myocardial gene responses.

The aim of this work was to screen for changes in some RAAS- and KKS-related elements
during in vivo acute and subchronic exposures to three main airborne particle fractions
(coarse, fine and ultrafine particulates) and to examine: 1) whether the effect of PM on RAAS
and KKS elements expression is present in the lungs and concomitantly in the heart, 2) if
there is a relationship between the exposures and antioxidant responses (heme oxygenase-1
and gamma-glutamyl-cysteine ligase), and 3) tissue damage by histological evaluation and
changes in fetal gene reprogramming.

Go to:
Results and discussions

mRNA levels of angiotensin and bradykinin system related-genes in the lungs

To evaluate whether PM exposure affects the angiotensin and bradykinin systems as an initial
response to the toxic effect of the three PM fractions, we evaluated the mRNA levels of three
genes of each endocrine system.

We observed an increase in the Klk-1 mRNA in the lungs of the groups acutely exposed to FP
and UFP, which was the only response of the bradykinin system observed after either
exposure. However, the Blr and B2r mRNA levels showed a tendency to increase after the
acute exposure; in the subchronic exposure, we did not observe any response of the
bradykinin system genes (Table 1).

Table 1

Particulate matter effects on gene expression of angiotensin and bradykinin systems in the lungs.
Semi-quantitative expression results of angiotensin-receptor type-2 (At2r), bradykinin receptor

type-1 (B1r) and type-2 (B2r), and kallikrein (Klk-1) enzyme after acute and subchronic exposures

Acute exposure

Group CP FP UFP

Gene

aor 1 1.3 1.85 1.32
(0.6-1.4) (0.61-2.17) (1.1-2.5) (0.5-1.9)

s 1 1.05 1.3 1.08
(0.9-1.1) (0.8-1.2) (1.01-2) (0.9-1.1)

g L1 1.1 2 1.4
(0.6-1.2) (0.9-1.77) (0.9-3.1) (1.4-1.7)

e | 1.12 1.88*% 143 *

(0.94-1.1) (0.76-1.3) (1.4-2)  (1.1-2.35)
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Acute exposure
Subchronic exposure
Group FA

CP FP UFP
Gene
A" 1 0.73 0.85 0.82
(0.8-1.15) (0.7-1.1)  (0.5-1.1) (0.6-1.1)
Bir 1 0.95 1. 1
(0.9-1.2) (0.9-1.03) (0.94-1.5) (0.93-1.1)
Bor 1 1.03 1.6 1
(0.9-1.2) (1-1.2) (1.15-4.2) (0.93-1.1)
Klk-1 1 0.84 1.78 0.92

(0.8-1.2) (0.8-1.1) (0.7-2.7) (0.9-1.4)
Open in a separate window

Acute exposure was defined as 5 h per day for 3 days

Subchronic exposure was defined as 5 h per day, 4 days per week, for 8 weeks

All results were corrected using glyceraldehyde 3-phosphate dehydrogenase as a housekeeping gene
AF: Air filtered

CP: Coarse particulate

FP: Fine particulate

UFP: Ultrafine particulate

Data are showed as median and range

* Indicates significantly different from FA

Our results demonstrate that, in the lungs, the KKS system responds only after an acute
exposure, and the main gene that responded to airborne particulate was Klk-1. This is a serine
protease enzyme that is necessary to produce kinin peptides. On this basis, particulate less
than 2.5 pm could interfere with the activation of kinin peptides, which are necessary to
activate bradykinin receptors. Bradykinin receptors are involved in the regulation of nitric
oxide, the main vasodilator molecule, and are implicated in inflammation and vascular tone
regulation. The expression of the bradykinin receptors in the lungs was not significantly
altered for any of the exposures (regardless of particle type or duration of exposure). This
could have been because both receptors are constitutively expressed in the lung tissue,
although they can be induced by some cytokines including IL-1 and TNFa. PM exposure is
characterized by the induction of cytokine release [8], but we did not observe changes in the
expression of these receptors.

On the other hand, major and significant mRNA changes were observed for the Atlr and Ace
angiotensin system genes in the lungs. These are two of the most important genes in this
system and are therapeutic targets in conditions such as hypertension (Fig. (Fig.1).1). For both
periods of exposure, we found an increase in the levels of Atlr mRNA in the groups exposed to
FP and UFP compared with those exposed to FA (Fig. 1a and andb).b). In contrast to the
effects observed with FP and UFP fractions, we observed a decrease in Atlr mRNA levels in
the group subchronically exposed to CP (Fig. 1b). The At2r mRNA levels were not
significantly different among any of the types of particle and exposure time conditions as
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shown in Table 1. Our results for the Ace mRNA levels showed a significant increment
following the acute exposures to FP and UFP, but not for the subchronic exposures (Fig. 1c
and andd).d). On the other hand, the group exposed subchronically to CP responded with a
large increase in the Ace mRNA relative to all other groups (Fig. 1d). It has been reported that
RAAS elements can be expressed constitutively within the cells of various tissues and can have
intracrine, paracrine and endocrine effects in the organism [10]. Angiotensin-II is the product
of the enzymatic activity of ACE and is the ligand for AT1R and AT2R. Lung tissue expresses
these three genes, which are important in the regulation of the pulmonary circulation. As a
result of the exposures, Atlr and Ace responded to PM, but At2r did not. This suggests that
PM exposure modulates the activation of angiotensin-I and the deactivation of bradykinin by
up-regulating Ace and promoting Atlr up-regulation However, the regulation of At2r, which
has been considered to have an antagonistic effect on the Atlr signaling pathway, was not
affected.
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Particulate matter induces lung AT1R and ACE mRNA in a size- and time-dependent

manner. The animals were exposed to coarse (CP), fine (CP) and ultrafine particulate (UFP).
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A control group was exposed to filtered air (FA). The semi-quantitative levels of Angiotensin
Receptor Type-1 (Atlr) and Angiotensin-I Converting Enzyme (Ace) mRNA after acute (3
days, S h/d) and subchronic (8 weeks, 5 h/d, 4 d/week) exposure are shown. Scatter dot plot
shows the value of the median. Below each graph representatives gels illustrating the
expression levels of mRNA are shown. * indicates significant differences among groups (n =4

per group, p <0.05)

All of these results indicate that PM can regulate two of the principal endocrine systems
involved in the regulation of the cardiovascular system at mRNA level. Our data also showed
that KKS responds acutely, and not subchronically. On the other hand, the expression of the
RAAS genes increased at the end of both exposures, but the responses differed according to
the type of particle and the specific genes affected. The mRNA levels of both endocrine
systems suggest that KKS and RAAS genes are implicated in the physiological response
induced by PM, and these gene expression changes may result in changes in the protein levels.

Protein levels of AT1R and ACE in the lungs

Following the screening of the expression of RAAS- and KKS-associated genes, we
investigated whether the protein levels of AT1R and ACE, which demonstrated the most
significant changes in the mRNA, were also altered.

In the lung total protein extracts, we observed a statistically significant reduction in the levels
of the AT1R protein after acute exposures to FP or UFP (Fig. 2a). However, after the
subchronic exposure, our results showed an increase in the AT1R protein levels for all three
particle fractions (Fig. 2b). Moreover, we observed a decrease in the ACE protein levels after
acute exposure to CP, while in the subchronic exposures, an increase in ACE levels was
observed. However, for both acute and subchronic exposures to FP and UFP the ACE protein
levels were variable. Therefore, although we observed a decrease in the protein levels, the
differences were not statistically significant (Fig. 2c and anddd).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482198/figure/Fig2/

1.5 51 . ¥
%
_lt._ & & 4 * .
1.04 seeld .
“— . o 2 ¥ —+
) I. Ay = 5 2 ®
- -
2 05 ’ = e Tt
.
1" -"'-
u"u L] L L L n || L] 1 | |
FA cP FF UFP FA CP FFP UFP
— — — =ow & AR !_ A —— | — {'Aﬁﬁ
—— — — — actin — — — — - A0
C D
1.5 4n .
L]
L] ’ 34
1.0{ —e0—
w L] * L] w
g " 9 2 s
a )
05 % e . *e
o . 11 Swe boe )
u-n L L W L} u L L Ll Ll
FA CP FP UFP FA CP FP UFP
— s e €~ ACE - = e—m . . = = €ACE
T— — — & BCHIN — et S w==e & actin
Fig. 2

Particle matter exposure regulates AT1R and ACE protein in a particle size-dependent
manner. Animals were exposed to coarse (CP), fine (FP) and ultrafine particulate (UFP), or
filtered air (FA). a) and b) The protein levels of Angiotensin Receptor Type-1 (AT1R) and c¢)
and d) Angiotensin-1 Converting Enzyme (ACE), after acute (3 days, S h/day) and subchronic
(8 weeks, S h/day, 4 days/week) exposure, respectively, are shown as arbitrary units (AU).
Scatter dot plot shows the value of the median. * indicates significant differences among
groups (n =4 per group, p <0.05)

Our results show that exposure to PM was able to induce the ACE and AT1R proteins as well
as mRNA. Differences were observed with respect to the particle fractions and the target
proteins. Acute exposure to CP caused a down-regulation of the ACE protein, without a
change of the AT1R protein levels. In contrast, the subchronic exposure to CP induced an
increase in ACE protein, which was accompanied by the up-regulation of AT1R. However, FP
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and UFP did not affect the ACE protein levels. Instead, AT1R was the main molecular target
of the FP and UFP fractions. No differences between the FP- and UFP-induced effects on the
ATI1R protein levels were observed. This could be explained either by the fact that UFP are
contained within the FP fraction, which precludes separation of their effects, or because they
can reach the same region in the lungs, they induce similar responses.

Our data suggest that PM can regulate AT1R and ACE protein levels in the lungs in a time-
and possibly a PM size-dependent manner. It is important to highlight that the CP, for which
we did not expect a response, was able to modulate both genes, while the FP and UFP
fractions only modulated AT1R. This evidence confirms that CP can promote pulmonary
events as well as the PM smaller than 2.5 pm, and suggests a possible contribution to
cardiovascular impairment as a consequence of exposure to PM.

[3H]-Angiotensin-II binding to lung membranes

Similar to other G protein-coupled receptors, upon activation AT1Rs can be internalized from
the cell membrane to the cytoplasm and then can be either recycled or degraded. Because the
reduction in AT1R protein after the acute exposure to FP and UFP did not match the mRNA
levels, we performed a binding assay with labeled Ang-II as an alternative method to confirm
the protein levels. First, we obtained a saturation curve to determine the receptor density and
the affinity for [3H]-Angiotensin-II in lung membranes obtained from rats that were not used
in the PM experiments. These determinations (Fig. 3a) yielded a maximum specific binding
(Bmax) of 90 £ 10 fmol/mg protein (3 experiments) and an equilibrium dissociation constant
(Kd) of 2.8 nM (pKd 17.2 £7.7).
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Acute exposure to PM modifies [3H]-Angiotensin-1I binding to the lung tissue membranes.
a) Saturation binding. Membranes, obtained from naive animals as described in Methods,
were incubated with the indicated concentrations of [3H]-Angiotensin-II. Specific receptor

binding was determined by subtracting the binding in the presence of 100 pM telmisartan
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from the total binding. The points show the means from quadruplicate determinations from a
single experiment, which was repeated twice more with membranes obtained from different
naive animals. The line drawn is the best fit to a hyperbola. Best-fit values for the equilibrium
dissociation constant (K d) and maximum binding (Bmax) are given in the text. b) Single-
point determinations. Membranes were obtained from animals exposed to coarse (CP), fine
(FP) and ultrafine particulate (UFP) or from the filtered air control group (FA), and then
incubated with 10 nM [3H]-Angiotensin-II. Specific receptor binding was determined by
subtracting the binding in the presence of 10 pM telmisartan. Scatter dot plot shows the value

of the median. * Indicates significant differences among groups (n =4 per group, p <0.05)

In single-point determinations with a near saturating concentration (10 nM) of [3H]-
Angiotensin-II, a reduction in the specific binding was observed in lung membranes from the
animals exposed to FP and UFP. In contrast, exposure to CP increased the specific [3H]-
Angiotensin-II binding (Fig. 3b).

The binding data thus showed the same pattern as the total protein detected immunologically.
On this basis, we infer that the internalization and degradation of AT1R in the acute exposure
could be induced by different mechanisms such as an over-activation, a target of oxidative
stress and/or allosteric regulation by divalent cations, similar to observations of other GPCRs
[45, 46].

ATI1R levels in subcellular fractions of lung tissue

The conventional paradigm for GPCRs indicates that the activated receptors are internalized
from the plasma membrane to the cytoplasm where they may be degraded or recycled [47].
However, new evidence indicates that some GPCRs can be localized in the nuclear envelope
[48]. In the case of AT1R, Lu et al. reported that after 15 min of stimulation of neuronal cell
cultures with Ang-I1, AT1R was sequestered to the nuclear membrane [49]. However,
Tadevosyan et al. [50] demonstrated that the presence of angiotensin receptors (AT1R and
AT?2R) in the nuclear membrane is most likely a result of intracellular synthesis and
trafficking, and not the result of post-endocytotic trafficking in cardiomyocyte cultures. For
these reasons, we evaluated the distribution of AT1R protein between the nuclei and the rest
of the cell in the lung tissue following exposure to airborne PM in both exposure schemes (Fig.
4). For the acute exposures, we observed an increase in AT1R in the non-nuclear fraction in all
exposed groups, while in the nuclear fraction we observed a reduction in protein levels (Fig. 4,
upper panel). On the other hand, following the subchronic exposures, we observed the
opposite response: under these conditions, we observed a decrease in AT1R levels in the non-
nuclear fraction and an increase in this protein in the nuclear fraction (Fig. 4, lower panel).

Fig. 4
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Particle matter modifies the AT 1R subcellular distribution in lung tissue in a time-dependent
manner. Representative gels of Angiotensin-II type-I receptor (AT1R) detection in lung nuclear and
non-nuclear fractions after acute (upper panel) and subchronic (lower panel) exposure to coarse
particulate (CP), fine particulate (FP), ultrafine particulate (UFP) or filtered air (AF). We used
GAPDH and acetylated Histone-4 (H4ac) as cytosolic and nuclear quality control targets,
respectively, and actin was used as a general protein loading control. Representative blot of n=4

On the basis of our findings with respect to the subcellular distribution of AT1R in the lung
tissue, we suggest that this receptor may mediate processes that include cell proliferation,
survival, inflammatory responses, DNA synthesis and transcription as has been demonstrated
for other GPCRs found in the nuclear envelope [48]. For example, nuclear AT1R activation
has been demonstrated using isolated nuclei from fetal rat myocytes. Stimulation of these
nuclei with angiotensin-II induced transcription as indicated by [a-32P] UTP incorporation,
and this effect was inhibited by pertussis toxin [50].

IL-6 cytokine protein levels in lung

Pleiotropic cytokine IL-6 is involved in the acute phase of inflammation and accelerates
coagulation induced by PM exposure in vivo [5]. In addition, in endothelium cells, IL-6
induced the expression of AT1R [24]. We observed a statistically significant increase in lung
IL-6 protein from the acute exposure to the three PM fractions (Fig. 5a); on the other hand, in
the subchronic exposure a down regulation in the three PM groups below the levels observed
in the FA group was observed (Fig. 5b). Our results indicate the induction of lung IL-6 as a
marker of the acute phase of the inflammation process. IL-6 could be involved in the up-
regulation of AT1R in lung acute PM exposure. In contrast, in the subchronic exposure a lack
of induction of lung IL-6 protein was observed and AT1R expression was increased. If a
molecular communication process takes place between IL-6 and AT1R it only happens
acutely, but not subchronically, yet this hypothesis needs to be confirmed.
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Fig.5
Acute, but not subchronic, exposure to particle matter increases IL-6 in lungs. Animals were
exposed to coarse (CP), fine (FP) and ultrafine particulate (UFP), or filtered air (FA). The protein
interleukine-6 (IL-6) levels after a) acute (3 days, 5 h/day) and b) subchronic exposure (8 weeks, 5
h/day, 4 days/week), are shown as arbitrary units (AU). Scatter dot plot shows the value of the
median. * indicates significant differences among groups (n =4 per group, p <0.05)

Expression of angiotensin and bradykinin system genes in the heart

The results obtained in the lungs suggest a contribution of the RAAS and to a lower degree, but not
less important, of the KKS in the endocrine pulmonary response to PM damage. These
heterogeneous responses of gene expression observed in the lungs following the acute and
subchronic exposures to airborne particulate fractions could be conveyed from the lungs to the
heart.
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As expected, we observed a response in the mRNA levels of bradykinin-related genes in the heart
following the exposure to PM. Similar to the observations in the lungs, in the heart there was an
increase in Klk-1 after the acute exposure to FP that was sustained in the subchronic exposure.
Additionally, we observed an increase in Blr in all groups acutely exposed to particulate (Table 2).
We were not able to detect B2r in the heart samples; no positive amplification was observed in the
heart samples from any of the exposure schemes. This observation confirms that, as previously
reported, B2r is a receptor which has a null or low expression in the heart ventricles of the adult
male rat [51-53].

Table 2

Particulate matter effects on gene expression of angiotensin and bradykinin systems in the heart.
Semi-quantitative expression results for angiotensin-receptor type-2 (At2r), Bradykinin receptor
type-1 (B1r) and kallikrein (Klk-1) enzyme after acute and subchronic exposures

Acute exposure

Group FA

CP FP UFP
Gene
1 1 1 1
AT 0812) (1-1.1)  (0.9-1.1)  (0.5-1)
nee L 1.6 * 1.1 1.7 *
(0.9-1.1) (1.4-1.8) (0.9-1.3) (1.1-2.1)
s 1 1.7 * 2.2 * 1.9 *
(0.8-13) (1.4-22) (2.1-2.6) (1.3-2.4)
1 1.2 1.6 * 1.4
Kl 0812y (1-15) (14-1.9) (1.2-1.5)
Subchronic exposure
Group CP FP UFP
Gene
Ao L 0.97 0.92 0.71 *
(0.96-1.03) (0.97-1.05) (0.72-0.9) (0.7-0.8)
nee L 1 1 0.9
(0.9-1.1) (0.9-1.1) (0.9-1.3)  (0.8-1)
Blr  Not determined
1 1.1 1.2 * 1.1
Kl 99.11) (09-1.2) (1.19-1.22) (1-1.3)

Acute exposure was defined as 5 h per day for 3 days

Subchronic exposure was defined as 5 h per day, 4 days per week, during 8 weeks

All results were corrected with glyceraldehyde 3-phosphate dehydrogenase as a housekeeping gene
AF: Air filtered

CP: Coarse particulate

FP: Fine particulate

UFP: Ultrafine particulate

Data are showed as median and range

* Indicates significantly different from FA
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Our results for the expression of KKS genes show that there is a differential response between the
lungs and the heart: the heart responded to the exposures to the three particulate with the induction
of BIr mRNA. These results suggest that the inflammatory factors or chemical components are
released from the lungs and enter in the blood stream of the pulmonary circulation before being
translocate to the heart. Although we observed this response to all three particulate, FP, but not UFP,
was able to induce Klk-1, which indicates that there are differences between these two particle
fractions and suggests that FP could affect the metabolism of kinin peptides.

With respect to the angiotensin system, the heart At2r mRNA levels were not significantly
different among the acute exposure groups. In contrast, subchronic exposure to UFP caused a
significant decrease in the heart At2r levels (Table 2). The Ace mRNA increased after acute
exposure to either CP or UFP, but these changes did not persist in the subchronic exposure
(Table 2). We observed an increase in the Atlr mRNA levels after acute and subchronic
exposure to FP, as well as in the group after the subchronic exposure to UFP (Fig. 6).
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Acute and subchronic exposures to fine and ultrafine PM up-regulate heart ATIR mRNA. The
animals were acutely (5 h/day, 3 days) or subchronically (5 h/day, 4 days/week, 8 weeks) exposed
to coarse (CP), fine (FP) and ultrafine particulate (UFP) or to filtered air (FA). Semi-quantitative
levels of Angiotensin Receptor type-1 (Atlr) mRNA after a) acute and b) subchronic exposures in
the heart. Scatter dot plot shows the value of the median. * indicates significant differences among

groups (n=4 per group, p <0.05)

The cardiac over-expression of AT 1R has been demonstrated to be involved with the promotion and
exacerbation of myocardial impairment. It is relevant to note that short PM exposure was able to
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induce Atlr, which was maintained in the subchronic exposure. This observation was accompanied
with a down-regulation of At2r only after the subchronic exposure, indicating that exposure to PM,
an environmental air pollutant, can increment the expression of Atlr in the absence of
counterbalancing changes in the expression of At2r.

Up-regulation of Col3al and Actal in presence of ATIR and IL-6 in the heart

Two of the main classes of response genes in the heart during pathological states of cardiac damage
are the heart fetal reprogramming genes and the expression of genes involved in the deposition of
the extracellular matrix. We chose alpha skeletal actin (Actal) and collagen-III (Col3al) as two
representative markers of myocardial adaptive response to damage. We analyzed these genes in
heart ventricular samples after the acute exposures, and did not observe any response in either gene
(data not show). In contrast, the subchronic exposures to FP and UFP induced the up-regulation of
Actal and Col3al (Fig. 7a and andbb).

Our results indicate that PM is not able to acutely up-regulate these genes, but they are increased by
subchronic exposure. The presence of these two markers in various rat cardiac disease models has
been described, i.e., hypertension or induced cardiac infarction [54]. FP and UFP have been
associated predominantly with the enhancement of the development of cardiovascular diseases. Our
results confirm that particulate less than 2.5 pm are able to up-regulate gene reprogramming in the
heart, possibly by through an increase in blood pressure.

There is substantial evidence to support the concept that RAAS induces heart gene reprogramming
[54-57]. For this reason, we evaluated AT1R total protein levels in samples from the subchronic
exposure where we observed heart gene reprogramming. We also observed an increase in the levels
of AT1R in the total protein that seems PM size-dependent, where the highest increase was observed
for UFP followed by FP and to a lower degree for CP (Fig. 7c).
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Fig. 7

Subchronic exposure to fine and ultrafine PM induces heart reprogramming and up-
regulates AT1R and IL-6. The animals were subchronically exposed (5 h/day, 4 days/week for
8 weeks) to coarse (CP), fine (FP) and ultrafine particulate (UFP) or to filtered air (FA). a)
Semi-quantitative levels of alpha-skeletal actin (Actala) mRNA and b) Semi-quantitative
levels of collagen-III (Col3al) mRNA in the heart. Protein levels of AT1R and interleukin-6
(IL-6) are expressed in arbitrary units (AU), c¢) and d), respectively. Scatter dot plot shows
the value of the median. * indicates significant differences among groups (n =4 per group, p

<0.05)

IL-6 cytokine is involved in the induction of AT1R in the endothelium; also Ang-II through
ATI1R induces the expression of cardiotrophin-1, leukemia inhibitory factor and IL-6, all
which are members of IL-6 family. In rodent cardiac fibroblast these cytokines induce
cardiomyocyte hypertrophy through the activation of gp130, which is a I1L-6 receptor [58]. In
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this sense, we evaluated IL-6 protein levels, as a marker of inflammation response, in the
heart and observed an increment in IL-6 that could be size-dependent where FP and UFP
showed statistical significant differences (Fig. 7d) and they have the same tendency as the
ATI1R in the heart. Our findings suggest that IL-6 and AT1R are induced in heart by PM
exposure and is possibly size particulate-dependent; also, IL-6 and AT1R show the same
behavior as cardiac reprogramming genes induced by FP and UFP.

Histology of intramyocardial coronary arteries

One effect of RAAS in the heart tissue is hypertrophy and proliferation of the smooth muscle
cells of the blood vessels. We evaluated the thickness of the intramyocardial coronary arteries
(we considered only arteries found within the myocardium wall, but not in the epicardium or
endocardium) as a morphological effect in myocardial tissue induced from the particle
exposure and found that the exposure to the three particle fractions increased the
intramyocardial coronary artery wall thickness (Fig. 8a and andc).c). This result is consistent
with the induction of AT1R with the three fractions and suggests the activation of RAAS.
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Subchronic PM exposure increases intramyocardial coronary artery wall thickness independently
of PM size. Hematoxylin & Eosin staining of 5 pm myocardial slices. a) Representative slides of
the hearts from rats exposed to Filtered Air (FA), coarse (CP), fine (FP) and ultrafine (UFP)
particulates for 5 h/day, 4 days/week for 8 weeks. b) Box plot of ten random measurements of each
coronary artery wall measured in the tissues. ¢) Semi-quantitative analysis of the presence of
mononuclear cells in heart coronary arteries in the groups exposed to FP and UFP. L: Artery lumen;
A: Tunica adventitia; I-M: Tunica intima-media. Yellow arrows indicate mononuclear cells and
blue arrows indicate a blood vessel. Scatter dot plot shows the value of the median. * indicates

significant differences among groups (n =4 per group, p < 0.05)

It has been proposed that particulate less than 2.5 um can pass through the lung respiratory and
vascular walls and reach the heart through the pulmonary circulation [48, 59]. A particular
observation in this study was the presence of mononuclear cells, which seem to be macrophages as
they display fried egg-like morphology, next to the arteries in the heart from the UFP group and to a
minor degree from the FP group (Fig. 8c). This observation suggests an immune cellular response at
the end of the subchronic exposure to FP and UFP.

Lungs and heart subchronic antioxidant response

Finally, one of the most important responses to particulate exposure is the antioxidant defense. We
evaluated the protein levels of y-glutamyl-cysteine-synthetase catalytic subunit (yGCSc), and heme
oxygenase type-1 (HO-1) in the lungs and heart after subchronic exposure to airborne PM. We did
not observe significant changes in yGCSc protein levels in either tissue (data not shown). However,
the lung levels of HO-1 seem to decrease in a particulate size-dependent manner, where the greatest
down-regulation was observed in the UFP group (Fig. 9a). The same tendency was observed for the
heart levels of HO-1, but only the effects of UFP were statistically significant (Fig. 9b).
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Fig. 9

Particle size-dependent decreases in heme oxygenase-1 after subchronic exposure in the lungs and
heart. Animals were exposed subchronic to coarse (CP), fine (FP) and ultrafine particulate (UFP) or
to filtered air as a control (FA) for 8 weeks (5 h/day, 4 days/week). Protein levels of heme
oxygenase-1 (HO-1) in arbitrary units (AU) in lungs a) and heart b). Scatter dot plot shows the

value of the median. * indicates significant differences among groups (n =4 per group, p <0.05)

We did not observe differences in YyGCSc protein levels in lungs and heart even though glutathione
is one of the first antioxidant defenses against oxidative stress. Also, although yGCSc is involved in
the de novo synthesis of glutathione the toxic effect of PM may be directly modifying the reduced
and oxidized glutathione ratio and diminish total glutathione levels, as it has been reported for
different progressive lung diseases [60]. Also, other antioxidant response elements such as ascorbic
acid, which is abundant in the rat lung, or HO-1 and bilirubin in the cardiovascular system, could be
involved in the response against PM-induced oxidative toxicity [61].

HO-1 is an inducible stress protein enzyme that has major role in cytoprotective defense against
apoptosis, inflammation and oxidative stress through the catabolism of the heme moiety and the
release of Fe2+, biliverdin and CO. The latter two metabolites are implicated in the antioxidant
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response and vascular tone, respectively [62-64]. Low HO-1 levels have also been shown to be
associated with an impairment of the cardiovascular system [65] and the development of lung
diseases [66]. In addition, HO-1 levels can be down-regulated at the mRNA and protein levels by
angiotensin-II through ATIR in rat vascular smooth muscle cells [67]. Evidence from in vitro
models (RAW 264.7, THP-1, BEAS-2B and A549 cells) exposed to PM indicated that the induction
of HO-1 depended on the PAH content of the PM [68-70]. However, exposure of A549 cells to
9,10-phenanthraquinone down-regulated the expression of HO-1 [71]. Acute in vivo studies
demonstrate increases in HO-1 protein and mRNA. Nevertheless, in older current smokers, HO-1
mRNA is down-regulated [72]. Furthermore, it has been observed in human populations that a
larger size of the dinucleotide repeat polymorphism (GT) n in the HO-1 gene confers a low
induction of mRNA by tobacco smoke and is related to the development of emphysema [73]. The
same polymorphism has been associated with a low induction and the development of coronary
artery disease [74]. Moreover, oxidative stress during the subchronic exposure to PM is likely to be
neutralized by non-enzymatic antioxidants derived from enzymatic antioxidant elements, such as
heme-metabolism/HO-1/bilirubin-biliverdin biochemical route, these products, bilirubin and
biliverdin, play the main antioxidant role, thus the induction of HO-1 is probably not the primarily
antioxidant biomarker in response to the subchronic exposure.

General overview

PM pollution contributes to the development of cardiovascular diseases. Our results indicate that in
addition to inflammation and oxidative stress, exposure to PM induces an endocrine response
through the expression of some RAAS and KKS elements. This effect could be dependent on the
particle size, the tissue type and the time of exposure, and could participate in cardiovascular
events.

The KKS acute exposure response was characterized by the induction of the Klk-1 in the
lungs and heart of the groups exposed to FP and UFP. Expression of Klk-1 leads to the
generation of kinin peptides through the breakdown of KNG in tissues. However, this enzyme
also can have other substrates such as pro-renin, pro-insulin, LDL, the precursor of atrial
natriuretic factor, pro-collagenase, vasoactive intestinal peptide and ANG. Despite the many
substrates of KLK-1, it has been reported that KLK-1 improves cardiac physiology reducing
blood pressure, prevents the increment in heart mass, reduces the septal thickness and
cardiomyocyte size in hypertrophic animal models after aortic constriction. Also, in these
animals KLK-1 contributes to decrease the NADPH oxidase activity and increases NO
production through B2R [75]. Moreover, klk-1 null mice do not show alteration in blood
pressure but exhibited abnormal structures (thin wall and diminished mass of the left
ventricle) and functions (reduced cardiac output, stroke volume and left ventricular fractional
shortening) of the heart [76].

The above evidence indicates the importance of KLLK-1 in the physiology of the
cardiovascular system, in addition, kallikrein family genes have been proposed as emerging
new markers for the development of cancer [77], and have been weakly associated with the
development of lung diseases. It has been demonstrated that KLLK-1 is abundant in the lung
lavage from asthmatic patients challenged with allergen [78], as well as in an allergic sheep
model. Furthermore, a monoclonal antibody to KLLK1 inhibited allergen-induced late-phase
bronchoconstriction and airway hyper-responsiveness to carbachol. Additionally, in human
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tracheobronchial epithelial cells, this antibody blocked oxidative stress-induced epidermal
growth factor receptor activation and mucus hypersecretion [79].

This evidence suggests that in the lung KLLK-1 seems to be involved in the triggering of local
inflammatory response, through breakage of KNG zymogen to bradykinin and kallidin by
KLK-1. Bradykinin and kallidin are further broken by the membrane-bound
carboxypeptidase-M into des-Arg-bradykinin and des-Arg-kallidin peptides, which activates
B1R that is an important inflammatory mediator [8].

For these reasons, the induction of Klk1 by FP and UFP suggests that the generation of Kkinin
peptides or other substrates of KLLK1 could be modified by the PM-induced activation.

The bradykinin receptors did not show a response in the lungs at any time of exposure.
However, in the heart, the expression of Blr increased after the acute exposure in the three
PM-exposed groups. Blr can be induced by inflammatory cytokines, and it can regulate the
induction of iNOS enzyme. Thus, our results indicate that the three fractions of particulate
could induce the release of secondary mediators from the lungs to the heart, where they were
able to induce Blr.

With respect to RAAS, we observed that At2r did not change significantly at any exposure
times in the lungs. In the heart, we only observed a decrease in the mRNA for this receptor
after the subchronic exposure to UFP. The lack of response of At2r indicates that PM mainly
promotes Atlr expression more than the other mRNAs.

Ace is of particular interest because it can be a target of PM toxicity due to having a zinc
prosthetic group that could be replaced by other divalent cations. Furthermore, this enzyme can
activate angiotensin and degrade bradykinin. We observed that the ACE mRNA and protein
in the lungs were regulated mainly by CP, and not by FP and UFP, most likely because CP can
only reach the bronchial branches and does not penetrate the lungs as deeply as FP and UFP.
Future studies should be conducted to determine whether ACE protein is degraded or is
released from the lungs to the blood stream after acute exposure to PM. This is important
given that new evidence indicates a novel pathway in which activated ACE can be released
from the cell membrane [80-83].

The principal finding of our work was that PM regulates AT1R after acute and subchronic
exposure. Although CP did not induce the mRNA for AT1R, it was able to increase the protein
levels of this receptor as observed using the binding assay and Western blotting. The potential
mechanism for the increase in AT1R protein without the mRNA up-regulation in the CP
group, it could be explained as reported by Mori et al. [84], cis-acting sequences in the AT1R
gene and the glucocorticoid-responsiveness elements control the transduction process,
however, AUG codon in the 5’-leader of AT1R transcripts play a role in the translation
regulation of AT1R protein, future research is necessary to confirm this hypothesis. These
results confirmed that CP may contribute in the development or promotion of lung and heart
diseases, through the increase of Ang-1II binding and the regulation of ACE.

With respect to FP and UFP, we know that the UFP fraction is included within the FP
fraction. For some parameters that we evaluated, such as mRNA and protein levels, both
fractions induced the same degree of response in the lungs. However, we were able to
distinguish different responses between the fractions in the heart expression of Actal, HO-1
and AT1R proteins. Thus, differences between FP and UFP can be attributed to the different
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composition and the deposition sites in the respiratory tract reached by these two different
particulate types.

Particle chemical composition has an important role in particle-induced toxicity because it
can promote oxidative stress through chemical catalysis or metabolism and can enhance
inflammatory responses. Previously, the chemical composition of PM10 and PM2.5, including
the metal and organic partial composition was reported by Guerra et al. [85]. The total metal
mass concentrations of the CP and FP were 5488.89 and 2992.11 ng/m3, respectively. We
estimated the percent of each metal mass contribution from the total metal mass of CP and FP
based on the results from Guerra et al. [85] (Table 3). For ten metals (Fe, Zn, Pb, Mn, Cr, Cu,
Ni, V, Co and Cd), we found that the element with greatest mass contribution to CP and FP
was Fe, at 38.5 and 48.4 %, respectively. The second most abundant element contributing to
the CP and FP masses was Zn, at 37.9 and 12.1 %, respectively. The rest of the metals had a
minor contributions to particle mass (less than 12 %), but some elements are more abundant
in FP than CP. For example we found more Cd in FP than CP (44.6 times), followed by Co (6.7
times); V (5.1 times); Cu (2.6 times); Mn (2.2 times) and Pb (1.2 times). Biologically relevant
effects of the particle composition on RAAS were reported by Li et al. [42], who demonstrated
that particle constituents such as V and Cu induce pulmonary artery vasoconstriction through
AT1R and ACE. According to the authors, other metals including Ni, Fe, Mn, Zn and Al
produced a weak or no effect on vasoconstriction. Based on the percent contribution to the
mass, Zn was one of the most abundant. It was shown that Zn contained in PM inhibits total
cardiac aconitase activity, induces mitochondrial DNA damage, and causes modest changes in
the cardiac expression of mRNAs involved in signaling, ion channel function, oxidative stress,
mitochondrial fatty acid metabolism and cell cycle regulation [86].

Table 3

Metal mass contribution in coarse (CP) and fine PM (FP) from subchronic exposure

Metal CP % FP %
Fe 38.5 484
Zn 379 121
Mn 50 11.1

Pb 6.9 83
Cu 4.0 10.3
Cr 4.8 1.7
A% 1.0 5.0

Co 0.2 1.2
Cd 0.03 1.2
Ni 1.7 0.7

On the basis of the information presented above and considering the metal composition of the
PM in our study, we suggest that the biological effects observed could be related to the
presence of divalent metals that are able to mimic prosthetic groups, such as Zn in the ACE
enzyme, or mediate oxidative stress and promote inflammation and thus up-regulate AT1R.
Although CP and FP share some components, we suggest that the biological effect attributed
to PM-associated metal content is related to the sites in the lungs reached by the particulate
and their potential to translocate beyond the lungs.
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In this study it was not possible to assess UFP mass and collect it for chemical determination.
However, evidence in the literature [87-89] allows to propose the participation of divalent metals
(i.e., Zn, Cu, Cd, etc.) as the UFP-chemical components mostly involved in the induction of the
effect on RAAS and KKS. Moreover, we do not discard that some other components (i.e., endotoxin
and possibly other metals) may also contribute to induce this effect as a secondary response of the
release of inflammatory mediators.

While particle composition and possibly oxidative stress could explain the expression of AT1R,
the second most important mechanism of toxicity from the exposure to PM is the
inflammatory process. Two cytokines associated with AT1R expression are the pleiotropic
cytokine IL-6 [24, 90] and growth factor TGF-p [91, 92|, both of which are also involved in the
pathological states of lung and heart disease. We evaluated IL-6 levels as an inflammation
marker as well as an AT1R inductor. We observed that an inflammation response was present
in our experimental model in the lungs and heart. These data suggest that IL-6 may
participate in the regulation of AT1R in the acute phase of the PM exposure but not in the
subchronic exposure in the lung. We suggest that in the subchronic exposure the RAAS by
itself maintains the induction of AT1R, or inflammatory and/or oxidative stress responses in
the lungs may also be involved. On the other hand, heart IL-6 levels in the subchronic
exposure seem to increment in a size-dependent manner as well as we observed in the heart
ATI1R protein. However, future studies should focus to establish whether IL-6 is determinant
in the induction of AT1R in the heart since it has been reported that cytokines such as TNFa
[23] and IL-1a [25] are involved in the induction of AT1R in rat cardiac fibroblast and smooth
muscle cells, respectively.

It is important to highlight that the differences in the PM concentration achieved in the
chambers could directly influence the biological responses observed in the present study. The
chamber PM concentrations were ~32 pg/m3 for CP, ~178 pg/m3 for FP, and ~107 pg/m3 for
UFP. These concentrations suggest the possibility that the highest biological responses should
be observed in PM concentration-response relationship, nevertheless, our data seems to
indicate that the molecular targets (e.g., AT1R, HO-1 etc.) respond in a particulate size-
dependent manner. However, some biological responses were independent of the
concentration or the particle size such as the Blr expression in heart in the acute exposure,
lung IL-6 levels or the intramyocardial thickness, and could be influenced by PM
composition, yet this hypothesis needs to be confirmed. Moreover, we have to consider that
our results, based in our experimental design, have uncertainty from other factors that
include the detailed PM chemical content, the retained dose and the intrinsic biological
background.

Future directions of our study should focus in AT1R independent ligand-activation since it has
been reported that AT1R can function as a mechanoreceptor that under mechanical stretch in
vitro may induce RAAS elements [93, 94], and probably the physical interaction of PM with
ATI1R in the cellular membrane may influence the activation of AT1R pathway.

Finally, our results demonstrate that the three fractions of PM were able to modulate their
effects through the deregulation of two endocrine systems involved in pulmonary and
cardiovascular pathology. These effects could result from the development of the
inflammation and oxidative stress processes feeding back on the response of the RAAS.
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In this sense our results suggest that the cardiac effect of PM is consequent to a neuro-
endocrine stimulation, which includes RAAS and KKS response, probably by mediating
vascular tone dysfunction (i.e., hypertension) in the lung as well as in the heart. The
augmented AT1R expression observed in this study in the lungs and heart may be related with
both processes.

Go to:

Conclusion

Exposure to PM is detrimental to human health. Oxidative stress and inflammation are the
major mechanisms that contribute to the impairment of the lung and cardiovascular systems.
Furthermore, in the present study we observed that PM induces the expression of the
endocrine system RAAS and KKS elements in a time- and probably in a particulate size-
dependent manner. PM primarily promotes the expression of AT1R in the lungs and heart,
which appears to be involved in the depletion of the antioxidant HO-1, as well as the tissue
remodeling and heart gene reprogramming resulting from a subchronic exposure to FP and
UFP, concomitantly, PM induces acute IL-6 response in the lung and subchronic response in
the heart. Thus, these findings contribute to the understanding of the underlying mechanisms
involved in the development of cardiac disease associated with PM exposure.

Go to:
Methods

Inhalation exposure

The present study was carried out in the north of Mexico City, an area with high traffic affluence and industrial activity [95], during the months of
May to July, 2009. The particulate concentrator was localized within the Animal Care Unit at CINVESTAV-IPN.

Male Sprague Dawley rats (purchased from Harlan, Mexico; 4 rats/group) were exposed acutely (3 days, 5 h per day) and subchronically (8 weeks, 4
days/week, 5 h per day) to coarse (CP), fine (FP), or ultrafine (UFP) particulate using an aerosol enrichment concentrator system. A control group was
exposed to filtered air (FA). The FP fraction was defined as particulate less than or equal to 2.5 um, which includes the UFP fraction. The particulate
concentration in the exposure chambers was 32, 178 and 107 pug/m3 for CP, FP, and UFP, respectively. Simultaneous air ambient concentration of
PM10 and PM2.5 were monitored and those results were accompanied with the partial chemical composition of PM10 and PM2.5 in the study
developed and reported by Guerra-Garcia et al. [85].

At the end of the each exposure (24 h after the last exposure), the animals were anesthetized (i.p. 10-20 mg/kg of sodium pentobarbital) and
euthanized by exsanguination. The lung and heart tissues were dissected and frozen in liquid nitrogen and stored at -70 °C until analysis. A ventricular
slice of the heart was fixed in 10 % buffered formaldehyde and embedded in paraffin for histological analysis.

Semi-quantitative reverse transcription-polymerase chain reaction

Total RNA was isolated from the lungs and heart using TRIzol reagent (Invitrogen™, Life Technologies, Thermo Fisher Scientific, Carlsbad, CA,
USA). cDNA synthesis was performed with 3 pg of total RNA according to the manufacturer’s instructions (SuperScript I, Invitrogen™, Life
Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA). Specific oligonucleotides were designed for each gene (Table 4) using GeneRunner

software, and we confirmed their amplification using Primer-BLAST [http://www.ncbi.nlm.nih.gov/tools/primer-blast/]. We chose three
RAAS genes (Atlr, At2r and Ace) and three KKS genes (Blr, B2r and Klk-1) on the basis of
their roles as the effectors and mediators of the metabolism of the active peptides. To evaluate
heart gene reprogramming, we evaluated the mRNA levels of Actal and Col3al. We used 18S
and Gapdh as housekeeping genes. After PCR amplification, the PCR products were loaded and
subjected to electrophoresis in 1.5 % agarose gels, stained with ethidium bromide and
photodocumented in a transilluminator (UVP EC3 imaging system, UVP Inc., Upland, CA, USA).
Densitometry was performed with the software Image J (National Institutes of Health, USA).
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Table 4

Oligonucleotides used for PCR amplification. The gene name, the sequence of forward (Fw) and
reverse (Rv) oligonucleotide, the PCR product and the Genbank ID are shown

Gen Olinucleotides PCR product (pb) Genbank ID

Fw 5-AATATTTGGAAACAGCTTGGT-3' ,
Atlr gy 5 ATGATGATGCAGGTGACTTTG-3' o1 [GenBank: NM_030985]

Fw 5-TAGTTCCCCTTGTTTGGTG-3' ,
AT By 5 GAGGATGGCAAAAGGAAGT.3 428 [GenBank: NM_012434]

Fw 5-CCAACAAGACTGCCACCTG-3' ,
Ace By 5.GTACTGGTGACATCGAGGTTG-3 7/ [GenBank: NM 012544]

Fw 5-AGCATCTTCCTGGTGGTGG-3' ,
Blr Ry 5-CCAGCAGACCAGGAAGGAG-3 420 [GenBank: NM_030851]

Fw 5-GAGATCTACCTGGGCAACCT-3' ,
B2r Ry 5-AGGAAGGTGCTGATCTGGAA-3 > [GenBank: NM_173100]

Fw 5'-CCCTCACCCTGACTTCAAC-3' .
Klk-1 Rv 5-TCACACACTGGAGCTCATC-3' 236 [GenBank: 001005382]

Fw 5'-ACATCGACATCAGGAAGGAC-3 .
Actal Rv 5-CGTCGTACTCCTGCTTGGT.3' 234 [GenBank: NM 019212]

Fw 5-AGGGTGATCGTGGTGAAAA-3' .
Col3al Rv 5-TCCTCGATGTCCTTTGATG-3 239 [GenBank: NM 032085]

Fw 5-GCAGCTAGGAATAATGGAATA-3' ,
185 Ry 5.GACTTTCGTTCTTGATTAATGA-3' o0 [GenBank: NR 046237]

Fw 5-ACCACAGTCCATGCCATCAC-3' ,
Gapdh py 5 TGCCAGTGAGCTTCCCGTT3 166 [GenBank: NM_017008]

Western blot

To obtain the total protein, the lung samples were homogenized with Nonidet-P40 buffer (150 mM NaCl, 1 % NP40, 50 mM Tris—HCI, pH 8.0, and
protease inhibitors) and centrifuged at 10,000 rpm 4 °C. The supernatant was collected and stored at -70 °C until use.

Nuclear and non-nuclear cell fractions were obtained following the Abcam protocol. Briefly, the tissue was homogenized with cytoplasmic buffer
(250 mM sucrose, 20 mM HEPES pH 7.4, 10 mM KCI, 1.5 mM MgCI2, | mM EDTA, 1 mM EGTA, 1 mM DTT). The homogenate was centrifuged
at 3000 rpm for 5 min, and the supernatant (non-nuclear fraction) was removed. The nuclear pellet was dispersed with a pipette, and then the first step
was repeated to remove cytosolic contaminants from the pellet. The nuclear pellet was resuspended in the nuclear buffer (cytoplasmic buffer with 10
% glycerol and 0.1 % SDS). Finally, the nuclear pellet was sonicated on ice and centrifuged at 10,000 rpm, and the supernatant was removed and
stored at -70 °C. The protein concentrations were determined using Bradford protein assay. A 6x Laemmli buffer was added to 30 pg of protein, and
the sample was loaded in 12 % SDS-polyacrylamide gel and transferred to a PVDF membrane.

The membranes were blocked for 1 h with 5 % of not-fat milk. The membranes were then incubated overnight with primary antibodies to ATIR
(1:600, rabbit polyclonal AT1 306 antibody, Sc-579), ACE (1:1000; goat polyclonal ACE N-20 antibody, Sc-12184), HO-1 (1:500, rabbit polyclonal
HO-1 H-105 antibody, Sc-10789) and y-GCSc (1:600, rabbit polyclonal y-GCSc H-338 antibody, Sc-22755) all from Santa Cruz Biotechnology
(Delaware Ave, Santa Cruz, CA, USA). HRP-conjugated secondary antibodies (Bio-Rad laboratories, Hercules, CA, USA) were incubated 1 h at a
dilution of 1:10,000. Immunoreactivity was detected using ECL western blotting detection reagents (GE health care, Buckinghamshire HP7 ONA,
UK). The bands were visualized by exposure to x-ray film. The x-ray film was photodocumented with a UVP (UVP EC3 imaging system, UVP Inc.,
USA). We used a-actin (donated by Dr. Hernandez- Hernandez, CINVESTAV-IPN) as an internal control to correct for protein loading. For the
subcellular fractions, we used GAPDH (1:1000, mouse monoclonal GAPDH 6C5 antibody, Sc-32,233) and acetyl-Histone-4 (1:1000, mouse
monoclonal Ac-Histone H4 Ser 1/Lys 5/Lys 8/Lys 12 antibody, Sc-34,263) to confirm the purity of the fractions.

[3H]-Angiotensin-II binding to lung cell membranes

The lung tissue samples were placed in 10 ml of lysis buffer (10 mM Tris—HCI, 1 mM EGTA, pH 7.4 at 4 °C) and homogenized with a Polytron (3
cycles, 5 s each). The homogenate was centrifuged (1,000xg, 10 min, 4 °C), the pellet was discarded and the supernatant was centrifuged at 42,000xg
(20 min, 4 °C). The resulting pellet was resuspended in lysis buffer and centrifuged again (42,000 x g, 20 min, 4 °C). The pellet (membranes) was
resuspended in incubation buffer (20 mM Tris—HCl, 5 mM MgCl12, 100 mM NaCl, 2 mg/ml bovine serum albumin (BSA); pH 7.4 at 4 °C), and the
suspension was immediately used in binding assays. The protein contents were determined by the Bradford assay, using BSA as standard.

Saturation analysis was carried out in 100 pul of incubation buffer containing [Tyrosil-3,5-3H (N)]-Angiotensin-1I (ARC inc., Saint Louis, MO, USA)
(0.5-40 nM) and ~40 pg protein. For single-point experiments, the incubations contained 10 nM [3H]-Angiotensin-II. The samples were equilibrated
for 60 min at 25 °C in a water bath with continuous gentle rocking, and the incubations were terminated by filtration through Whatman GF/B glass
fiber paper, pre-soaked in 0.3 % polyethylenimine. Non-specific binding was determined as the binding insensitive to 100 uM of the antagonist
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telmisartan (Sigma Aldrich, USA). The filters were washed 3 times with 1 ml ice-cold Tris—HCI buffer (20 mM, pH 7.4), soaked in 3 ml scintillator,
and the tritium content was determined by liquid scintillation spectroscopy (Multi-purpose Scintillation Counter, Beckman LS-6500). The saturation
binding data were fit with a hyperbolic function using non-linear regression with GraphPad Prism 5 (Graph Pad Software, San Diego, CA, USA).

Histology

Slides of 5 wm sections of the heart tissues were stained with Hematoxylin/Eosin stain. We photographed all of the intramyocardial coronary arteries
observed in the slides (two slides from each tissue sample). We performed a blinded analysis of the measure of the thickness using Image J. Twenty
radial measurements for each artery from the intima to the adventitia wall were registered. For the statistical analysis we used the median of each
artery; we included in the analysis between 15 to 25 arteries per group. Semi-quantitative analysis of mononuclear cells in heart tissue was performed
counting the number of fields with mononuclear cells per slide.

Statistical analysis

All statistical analyses were performed using SigmaPlot version 11.0. We performed descriptive statistical analyses. To compare the four groups, we
performed Kruskal-Wallis test, considering non-normal data distribution. Student Newman-Keul’s post-hoc test was used for all pair-wise
comparisons. We considered the differences to be statistically significant when P <0.05. All comparisons were performed with respect to filtered air
as the control group.
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Spike Protein

The researchers, led by Jason McLellan of the University of Texas at Austin, defined the structure of 2019-nCoV’s spike protein using a
technique called cryogenic electron microscopy, or “Cryo-EM”. This involves cooling the protein to below -150°C, so that it crystallises
and then its structure can be determined with near-atomic resolution.

The newly discovered molecular structure of the 2019-nCoV spike protein, which the virus uses as a ‘key’ to gain

access to human cells. Wrapp et al. 2019/Science
They also identified the “keyhole”, the host cell receptor: it is a human protein called angiotensin converting enzyme 2 (ACE2). This is
the same human receptor protein targeted by the earlier SARS coronavirus.

But, disturbingly, the researchers found that 2019-nCoV binds to ACE2 with much higher affinity (10-20 times higher!) than SARS. In
other words, 2019-nCoV'’s “key” is a lot “stickier” than the SARS one. It’s like a SARS “key” covered in superglue. This means that once
it’s in the lock, it’s far less likely to be shaken loose and is therefore presumably more effective at invading our cells.

https://science.sciencemag.org/content/sci/early/2020/02/19/science.abb2507.full.pdf

Viral membrane



https://science.sciencemag.org/content/sci/early/2020/02/19/science.abb2507.full.pdf
http://theconversation.com/revealed-the-protein-spike-that-lets-the-2019-ncov-coronavirus-pierce-and-invade-human-cells-132183

Antibodies against trimeric S glycoprotein protect hamsters against
SARS-CoV challenge despite their capacity to mediate Fc RII-
dependent entry into B cells in vitro
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Abstract

Vaccine-induced antibodies can prevent or, in the case of feline infectious peritonitis virus, aggravate
infections by coronaviruses. We investigated whether a recombinant native full-length S-protein trimer (triSpike)
of severe acute respiratory syndrome coronavirus (SARS- CoV) was able to elicit a neutralizing and protective
immune response in animals and analyzed the capacity of anti-S antibodies to mediate antibody-dependent
enhancement (ADE) of virus entry in vitro and enhancement of replication in vivo. SARS-CoV-specific serum
and mucosal immunoglobulins were readily detected in immunized animals. Serum IgG blocked binding of the S-
protein to the ACE2 receptor and neutralized SARS-CoV infection in vitro. Entry into human B cell lines
occurred in a Fc RII-dependent and ACE2-independent fashion indicating that ADE of virus entry is a novel cell
entry mechanism of SARS-CoV. Vaccinated animals showed no signs of enhanced lung pathology or hepatitis and
viral load was undetectable or greatly reduced in lungs following challenge with SARS-CoV. Altogether our results
indicate that a recombinant trimeric S protein was able to elicit an efficacious protective immune response in vivo
and warrant concern in the safety evaluation of a human vaccine against SARS-CoV.

Kovwords: SARS-CoV; Protection;
ADE

The viral surface Spike glycoprotein (S) is the key target for
protective neutralizing antibodies against coronaviruses.

1. Introduction

Coronavirus infections of the human respiratory tract
occur frequently. Infections by HCoV-229E and HCoV-
OC43 account for 15% of all common colds in humans
and recently identified human coronavirus NL63 and
HKU1 are associ- ated with acute respiratory distress
syndrome and pneumonia [1,2]. While most coronavirus
infections are mild and self- limiting, infections by
severe acute respiratory syndrome coronavirus (SARS-
CoV) result in high mortality and mor- bidity [3]. There
is currently no vaccine available against any human

coronavirus infection.
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uptake [8]. S-mediated viral entry occurs in a pH-

The S-protein is a 150-180 kDa highly glycosylated
trimeric class-I fusion protein [4,5] responsible for
receptor binding, virus-membrane fusion and tissue
tropism. Angiotensin con- verting enzyme 2 (ACE2) has
been identified as the functional receptor for virus entry
into susceptible target cells [6,7], but C-type lectin L-
SIGN (CD209L) has also been shown to mediate virus

dependent manner [9,10] and can be inhibited by S-
specific sera [11]. Neutralizing antibodies are broadly
elicited in patients with SARS [12] and passive transfer of
S-specific antibodies, including monoclonal antibodies
directed against the receptor-binding domain (RBD) of S
[13], to na“1ve ani- mals confer protection to SARS-CoV



challenge indicating that the humoral immune response
alone can protect against SARS-CoV [14-18].

SARS vaccine candidates should induce strong
protective immunity against infection and person-to-
person transmission which requires a humoral immune
response at both systemic and mucosal levels and
absence of immunopathol- ogy. Different vaccine
candidates have been explored for SARS including DNA
[19], Modified Vaccinia virus Ankara (MVA) [16] subunit
vaccine [20] or inactivated virus vaccine [21-23] and they
all have been shown to induce neutraliz- ing and
protective responses. While protection was achieved in the
mouse with a recombinant MVA virus expressing S
protein [16], vaccination with a different MVA-S con-
struct failed to elicit a sustained serum neutralizing
anti- body titer to SARS-CoV in ferrets and subsequent
challenge with SARS-CoV was associated with hepatitis
[24]. In vitro data also demonstrate that anti-S immune
responses can enhance SARS-CoV entry into target
cells. Yang and col- leagues showed that entry of SARS-
CoV pseudotype viruses, expressing the palm civet S-
protein, into a human renal epithelial cell-line was
enhanced by human S-specific neu- tralizing antibodies
[25]. Such in vitro detectable facilitating antibodies can
be correlated with disease enhancement in feline
infectious peritonitis virus-infected cats (FIPV) and it has
been shown that vaccine-induced anti-S antibodies and
macrophage-expressed Fc receptors (FcR) are key factors
of antibody-dependent enhancement (ADE) [26,27] in
cats.

Animal models for SARS are useful to evaluate the
neu- tralizing or enhancing capacity of antibodies in
vivo. Several animal models have been proposed for
SARS including mice, ferrets, hamsters, rhesus and
cynomologus macaques [15,28-30]. The hamster is an
interesting small animal model as it reproduces several
pathological features of human SARS including high titer
replication of SARS-CoV in lungs and nasal turbinates
and marked lung pathology including cellular necrosis and
inflammatory cell infiltrates [30]. In the present study, we
analyzed the immune response to a recombinant native
full-length S protein trimer of SARS-CoV. Neutral-
izing and enhancing activity could be detected in sera of
immunized animals and human convalescent SARS
patient sera in vitro while challenge experiments in
hamsters indicate complete protection and absence of
disease enhancement in vivo.

2. Materials and methods
2.1. Cell lines and expression vectors

Human Raji B and BHK-21 cells were cultured as
described previously [31,32]. HEK293T, VeroE6, FRhK-4
and murine macrophagic J774A1 cell lines were cultured
at 37 °C, 5% CO», in Dulbecco's modified Eagle medium
supplemented with 10% FBS, 100 U penicillin/ml, 100 g
streptomycin/ml. Optimized DNA and Semliki Forest Virus
expression vectors encoding SARS-CoV S-protein fused to a
C-terminal FLAG-sequence were described previously [33].

2.2. Immunoaffinity purification and biochemical
analysis of S-protein

For protein production BHK cells were cultured in the
presence or absence of cycloheximide (100 g/ml), added at
7 h pre-harvest. Fourteen hours post-infection/transfection
BHK-21 cells were lysed (20 mM Tris-HCI pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100) and incubated for 5
min on ice. The collected lysate was vortexed, incubated for
another 15 min on ice prior to centrifugation at 13,000 rpm
for 15 min. Recombinant S-protein was immunopurified
using anti-FLAG M2 mAb-coated agarose beads (Sigma) as
described previously [31]. The quantity and quality of recom-
binant S-protein was assessed by SDS-PAGE and Western
Blot using BAP-FLAG protein and microBSA methods as
standards for protein quantification [31,32]. Mouse sera were
diluted (1/500) prior to Western Blot analysis and immune
complexes detected with HRP-conjugated anti-mouse IgG
(H+ L) (1/1000) (Zymed), followed by visualization of the
bands on X-ray film (Kodak) using chemiluminescence
(Amersham Biosciences).

2.3. Immunization with triSpike

Balb/c mice 6-8 weeks old (n = 3 per group) were
immunized intraperitoneally (i.p.) with 20 g of purified
triSpike or triSpike in 1 mg of aluminium hydroxide gel (alum)
on days 0, 16 and 32. Animals in the control group received
PBS with 1 mg of alum on the same days. Blood samples
were col- lected by saphenous vein bleeding at indicated
time points in accordance with local guidelines and sera
were prepared and heat-inactivated. Fecal samples [34] and
nasal lavages [35] were prepared as described previously.
HRP-conjugated anti-mouse IgG (H + L) or IgA (1/1000)
(Zymed) were used to detect the existence of IgG or IgA
antibody against triSpike in immunized mice fecal and nasal
lavage sample. Absence of blood contamination was
confirmed using the Hema-Screen occult blood detection kit
(Stanbio Laboratory). Antibodies from fecal samples were
used at a final dilution of 1/500 and nasal lavage sample at
1/25 dilution for Western Blot analy- sis.

Six to eight week old female golden Syrian hamsters (n =4
per group) were immunized subcutaneously (s.c.) with 2, 10
or 20 g of purified triSpike in 2 mg of alum on d0, d21 and
d42 at HKU-Pasteur Research Centre, Hong Kong, China. A
parallel experiment in 5-week-old hamsters was performed



at the NIAID, NIH, Bethesda, Maryland with immunization
of 2, 10 or 50 g of purified triSpike in 1 mg of alum on dO0,
d21 and d42.

2.4. Flow cytometry and ACE?2 binding assay

Recombinant S-protein expressing BHK-21 cells were
detached with 5 mM EDTA and incubated for 45 min at 4
°C with the diluted hamster sera (1/100), washed, fixed
with 3.2% of PFA for 5 min at 4 °C and labeled with the
FITC-conjugated goat anti-Syrian hamster IgG (Santa Cruz
Biotechnology) for 30 min at 4 °C. Cells were ana- lyzed
by flow cytometer (FACSCalibur, BD). All steps were
blocked with 3% normal goat serum (Zymed). Fluo-
rescence values are expressed as mean fluorescence inten-
sity (MFI). ACE2 binding assays were performed by incu-
bating soluble ACE2 receptor with S-protein coated on
agarose beads as described previously [33]. For inhibition of
binding analysis, protein-coated beads were pre-incubated
with sera for 1 h at 4 °C before incubation with soluble
ACE2. The beads were washed four times with lysis buffer
(20 mM Tris-HC1 7.5, 150 mM NacCl, 2 mM EDTA, 1%
Triton X-100) prior to SDS-PAGE and Western Blot anal-
ysis. 2.5. Serum-neutralization assay Neutralization assays
were carried on FRhK-4 cells using SARS-CoV strain HKU-
39849 (Department of Microbiol- ogy, HKU) as follows.
One hundred TCID5( of SARS-CoV were incubated for 2 h
at 37 °C with serial 2-fold dilutions of heat-inactivated mouse
sera in quadruplicate. Virus antibody mix was then added to
cells in 96-well plates and plates were incubated at 37 °C with
microscopic examination for cyto- pathic effect (cpe) after

2.7. SARS-CoV challenge and viral load titration in
hamsters, histopathology and blood chemistry

On day 56 (14 days following the last immunization),
48 anesthetized hamsters received 100 1 (103 TCIDs) of
SARS-CoV (strain Urbani) intranasally (Table 1).
Hamsters
were euthanatized by lethal intraperitoneal injection
with sodium pentobarbital (200 /hamster) on days 2

a 4-day incubation. Neutralization titers were calculated by
the Reed & Muench formula and are expressed as the
reciprocal of the serum dilution which neutralized cpe in
50% of the wells [36]. Table 1

2.6. SARS-CoV pseudotype particles

Recombinant SARS-CoVpp lentiviral vectors expressing
a luciferase reporter gene were produced from HEK293T
cells as described previously [37] using 10 g of plasmid
pNL4.3.Luc R—E—pro—[11] and 10 g of plasmid pCDNA- S-
FLAG encoding codon-optimized SARS-CoV S protein
[33]. For ADE assays, 25 L of serial 2-fold dilutions of heat-
inactivated murine or hamster sera were incubated for 1 h at
37 °C with 25 L of pseudovirus (50 ng p24). Fifty micro-
liters of Raji cells, at 2 x 106 cell/mL previously washed three
times with serum-free RPMI, were added to the antibody-
SARS-CoVpp mixture in a 96-well plate. After adsorption for 1
hat 37 °C, 100 L of RPMI 1640 containing 5% FCS were
added. Medium was renewed 16 h later and incubated for an
additional 48 h, washed in PBS, lysed and luciferase activ-
ity measured for 10 sec in a MicroBeta Jet Counter (Perkin
Elmer) according to the instructions provided by the sup-
plier (Promega). For ADE blocking assays, Raji cells were
pre-incubated for 15 min at 4 °C with 10 g/mL of murine
monoclonal antibody directed against human CD32 (Fc RII,
BD Pharmingen) or goat polyclonal antibody directed against
human ACE2 (R&D Systems) prior to infection with SARS-
CoVpp.
and 5 fol- lowing challenge when peak virus replication,
and pneu- monitis are anticipated and on day 21 post
challenge to look for possible late changes in
histopathology. Sixteen of forty eight SARS-CoV-
inoculated hamsters were sacri- ficed 2 days post-
challenge. Lungs were harvested and pro- cessed for viral
titration. Groups of 16 SARS-CoV-inoculated hamsters
were sacrificed S and 21 days post-challenge and lungs
and livers were harvested and processed for pathology
studies. Tissue samples were homogenized and virus
titers

Group (# Hms) Days 0, 21, 42 Inoculum (dose) Day 56 SARS Day of sacrifice Organs harvested for
1@ PBS IN 58 Viral titers
2@ ST2 g N 58 Viral titers 3 (4) ST10 g IN 58
Viral titers 4 (4) ST 50 g IN 58 Viral titers
5@) PBS IN 61 Pathology (in 10% buffered formalin)
6(4) ST2 g IN 61 Pathology (in 10% buffered formalin)
7(4) ST 10 g IN 61 Pathology (in 10% buffered formalin)
84 ST 50 g IN 61 Pathology (in 10% buffered formalin)
9(4) PBS IN 77 Pathology (in 10% buffered formalin)
104 ST2 g IN 77 Pathology (in 10% buffered formalin)
114 ST10 g IN 77 Pathology (in 10% buffered formalin)
124 ST 50 g IN 77 Pathology (in 10% buffered formalin)
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were determined in VeroE6 cell monolayers as described
previously [30].

Four hamsters per group, immunized and challenged as
described above, were sacrificed at 5 days post-challenge and
an additional four hamsters per group (with one addi- tional
hamster in the 50 g/dose group) were sacrificed 21 days
following challenge. Lungs were evaluated for pneu- monitis
and consolidation as previously described [30]. A colorimetric
immunoalkaline phosphatase IHC method was used to identify
SARS-CoV antigens [30]. Hamster serum samples were
analyzed for the levels of aspartate aminotrans- ferase (AST),
alanine aminotransferase (ALT), alkaline phos- phatase (ALP),
gamma-glutamyl transferase (GGT), blood urea nitrogen
(BUN) and total bilirubin using blood chem- istry analyzer
(Analytics, MedTec Lab).

3. Results

3.1. Production of immunopurified trimeric S-protein
with native antigenicity

Full-length, codon-optimized SARS-CoV S-protein fused to
a C-terminal FLAG was purified by a single-step
immunoaffinity protocol to over 90% purity with an aver- age
yield of 3 g of pure S-protein per 100 cells, i.e. 1.5 mg/L
(Fig. 1A). Analysis of the apparent molecular weight of the
protein by SDS-PAGE and Western Blot under non-reducing
conditions revealed the predominant trimeric nature of the
antigen (Fig. 1B, lane 1). Trimers dissoci- ate into monomers
when the protein is heat-denatured in the presence of SDS

indicating that monomers are asso- ciated non-covalently (Fig.

1B, lane 2). Higher molecular weight DTT-sensitive
aggregates were observed when the

protein was not heat denatured prior to SDS-PAGE (Fig. 1B,
lane 3). As expected, trimers and aggregates dissociate com-
pletely into monomers when heat-denatured in SDS and DTT
(Fig. 1B, lane 4). Monomers derived from SDS/heat-
denatured trimers have a slightly greater electrophoretic
mobility than monomers derived from SDS/heat/DTT dena-
tured trimers indicating that intramolecular disulfide bonds
lead to a more compact three dimensional conformation of the
Spike monomer. The trimeric and monomeric S-protein
frequently migrate as doublets (Fig. 1B) [33]. These repre-
sent high-mannose glycoforms from proteins that reside in the
ER at the time of lysis and glycoforms from proteins that have
acquired complex N-glycans in the median-Golgi [33]. triSpike
has native antigenicity shown by reactivity with sera from 10
convalescent SARS patients by Western Blot and FACS (data
not shown). The native fold was further underscored by the
specific binding of the triSpike protein with soluble ACE2
receptor (Fig. 2E, lane 2). Altogether our results strongly
argue that purified triSpike molecules mimic the native
trimeric S-protein on the virion surface.

3.2. triSpike induces antibodies against SARS-CoV
S-protein in mice and hamsters

Immunogenicity of triSpike was assessed by immuniza- tion
with three different doses with or without adjuvant (alum) in
mice or hamsters (Fig. 2). Immunization of mice with triSpike
alone induced low levels of anti-S antibod- ies (Fig. 2A, dl5).
However a single subsequent injection of triSpike induced
detectable levels of antibodies against S-protein (Fig. 2A, d30)
which could be further boosted by a third injection (Fig. 2A,
d49). Sera were reactive against mono-, di- and trimers of S-
proteins carrying either high- mannose or complex N-
glycosylation. Analysis of individ-

Fig. 1. Biochemical characterization of purified trimeric SARS-CoV S-protein (triSpike). (A) Silver staining of immunopurified triSpike, lane M contains a pre-stained
protein marker and lane 1 had 720 ng of purified triSpike. (B) triSpike was expressed in BHK-21 cells in the presence of cycloheximide. Recombinant triSpike purification
was performed by immunoaffinity as described in Section 2. Eluted protein was treated as indicated and analyzed by 4-8% Tris-Acetate SDS-PAGE gel and Western Blot
using M2 monoclonal antibody against the FLAG peptide. Sizes of molecular weight markers are indicated on the right (HiMark™ Pre-stained HMW Protein Standard,

Invitrogen).
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Fig. 2. Immunogenicity of triSpike. Sera collected at indicated time points from vaccinated mice or hamsters were analyzed for reactivity with triSpike. (A) Western
Blot analysis of pooled sera from immunized mice with or without alum adjuvant. Sera were collected and used at 1/1000 dilution against S-FLAG that was separated
under conditions that allowed simultaneous detection of mono-, di-, and trimers of S-protein. A SARS patient serum (SARS), a rabbit serum against S1 and M2 monoclonal
antibody against the FLAG peptide was used as control. FLAG-tagged bacterial alkaline phosphatase (BAP-FLAG) was used to assess the presence of antibodies against
the FLAG tag. Immune complexes were detected with HRP-conjugated goat anti-mouse, -human or -rabbit IgG polyclonal antibody. Sizes of molecular weight
markers are indicated on the right. (B) Reactivity of immune sera from pooled immunized hamster with live

BHK-21 cells expressing S-protein at the plasma membrane using FACS analysis. Values were expressed as mean #* standard deviations. (C) Effect of alum

adjuvant on longevity of neutralizing response in mouse sera against SARS-CoV (determined on FRhK-4 cells). Values were expressed as mean * standard

deviations. (D) Dose effect of triSpike immunization with alum adjuvant on neutralizing response against SARS-CoV in hamsters (determined on FRhK-4

cells). Values were expressed as mean * standard deviations. (E) Inhibition of S-protein binding to ACE2 by sera from immunized mice. S-protein coated beads

were pre-incubated with sera prior to incubation with soluble ACE2 (sACE2) and detection of the receptor was performed with a polyclonal goat-anti human

ACE2 antibody. BAP-FLAG coated beads were used as control.

ual serum samples from d49 confirmed the homogeneity of the
antibody response in individual mice (data not shown). When
triSpike was used in combination with alum adju- vant (Fig.
2A) a very similar response was observed, except that the level
of anti-S IgG was slightly higher after the second injection
(Fig. 2A, d30) and a third injection did not increase the anti-S
serum antibody level (Fig. 2A, d49). Neither triSpike nor
triSpike with alum adjuvant immuniza- tion induced antibodies
directed against the FLAG peptide (Fig. 2A, lower panels).

In a next step we analyzed the dose response and booster
immunization effect in hamsters, immunized with 2, 10 or 20
g triSpike plus alum, by FACScan. The first immuniza-
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tion with all three doses resulted in a moderate anti-S anti-
body response (Fig. 2B, d20). A second injection strongly
increased anti-S antibody levels (Fig. 2B, d41), while no
further increase in anti-S antibody level was seen after a third
injection (Fig. 2B, d55). There is no significant dose-
dependent antibody response as 2 g triSpike plus alum
immunization seems to induce maximum antibody response in
hamster model. Analysis of individual serum samples from d55
confirmed the homogeneity of the antibody response in
individual hamster (data not shown). Altogether these results
indicate that an optimal anti-S antibody response might
require two doses of triSpike (2 g) immunization in alum
adjuvant.

3.3. Neutralizing antibodies in sera from triSpike



vaccinated mice and hamsters

We next evaluated the neutralizing activity of sera from
triSpike vaccinated mice. Serial dilutions of sera were tested for
their neutralizing activity of cpe induced by SARS-CoV
replication in FRhK-4 cells (neutralization of 100 TCIDs).
Injection of triSpike with alum adjuvant induces higher
neutralization titers compared to triSpike alone (Fig. 2C).
Antibody titers in triSpike with alum immunized animals
remained at high levels until day 87 (1/6400) while neutral-
izing titers dropped rapidly from day 49 to day 87 in animals
injected with triSpike alone (from 1/4800 to 1/600). Subse-

quently, a dose-response experiment was performed in ham- sters.

Sera from hamsters immunized with at least two doses

as low as 2 g effectively neutralized 100 TCIDso of SARS-
CoV on FRhK-4 cells (Fig. 2D). Boosting effect with a third
injection was limited with all three doses. Maximum antibody
levels were obtained in animals immunized with 20 g.

3.4. Neutralizing sera block spike binding to the ACE?2
receptor

We next investigated the mechanism of neutralization by
analyzing the capacity of sera to block the interaction between
immunopurified triSpike coated on agarose beads with puri- fied
soluble human ACE2, the SARS-CoV entry receptor [6,7].
Fig. 2E shows that sera from triSpike + alum immu- nized
mice (lane 3) but not from control animals (lane 4) neutralized
S-protein binding to ACE2 receptor. These results suggest
inhibition of receptor binding as the key mechanism of
neutralization in triSpike immunized animals.

3.5. Mucosal IgG and IgA response in mice

Detection of SARS-CoV in intestinal tissue of fatal SARS
cases indicated that the gastrointestinal tract is another tar-

get for SARS-CoV infection [38]. Hence, a vaccine candi-
date should ideally induce protective response in mucosal sites.
Previous study suggested the induction of IgG response in serum
(systemic response) and IgA response in stool (mucosal
response) samples against Yersinia pestis using intraperitoneal
immunization [39]. To address this question antibody were
prepared from fecal samples of immunized animals. Occult
blood detection showed absence of blood contamination (data
not shown) indicating that the samples were not contaminated
by serum antibodies. Western Blot using antibodies isolated
from fecal samples revealed that mucosal IgG and IgA were
induced by triSpike plus alum but not by triSpike alone (Fig.
3A). These antibodies were able to neutralize SARS-CoV
infection of FRhK-4 cells (Fig. 3C). Altogether, we conclude
that triSpike plus alum immunization induced antigen-specific
IgG and IgA in the gastrointestinal tract.

Mice were also analyzed for the presence of anti-S anti-
bodies in nasal lavage samples. Occult blood detection indi-
cated the absence of blood contamination in the sample.
Western Blot analysis using antibodies isolated from nasal
lavage revealed the induction of a mucosal IgG response only
after triSpike plus alum immunization but not after triSpike
immunization alone (Fig. 3B). We were unable to detect any IgA
response in either group and anti-S antibodies in nasal lavage
samples did not neutralize SARS-CoV (Fig. 3B). Fur- ther studies
are required to address the respective role of IgA and IgG in the
neutralizing activity, epitope specificity and antibody titer in the
neutralization mechanism.

3.6. Antibody-dependent enhancement (ADE) of viral
entry into human B cells

We investigated whether vaccine-induced anti-S antibod- ies
against triSpike could mediate ADE of SARS-CoV entry into
FcR expressing cell lines. SARS pseudotype particles (SARS-
CoVpp) were generated for this study. These recom-

Fig. 3. Induction of mucosal immune response in triSpike plus alum vaccinated mice. (A) Antibodies prepared from fecal samples collected at day 44 post-

immunization were reacted against S-protein as described in Fig. 2A. Immune complexes were detected with HRP-conjugated goat anti-mouse IgG or IgA polyclonal
antibody. (B) Similar as (A) except that Western Blot analysis was performed with pooled nasal lavage samples collected at day 65. (C). Antibodies prepared from fecal

samples of vaccinated mice were analyzed for neutralizing activity against SARS-CoV infection on FRhK-4 cells. Weak neutralizing activity

was detected after the third immunization only. Asterisk (**) indicates the value of p < 0.01 in two-tailed ¢ tests. Values were expressed as mean + standard

deviations.
YW. Kam et al.
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except that sera from hamsters immunized with triSpike were used. (D) Fc RII (CD32) involvement in antibody-dependent enhancement of SARS-CoVpp entry. Same
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infection. Inhibition of SARS-CoVpp entry by the mAb against ACE2 was controlled on VeroEG6 cells (right

panel). All experiments were performed in triplicates and data are presented as mean + standard deviations.

binant viruses encoding the luciferase reporter gene and S-specific antisera (Fig. 4B & C). When SARS-CoVpp were pre-
expressing the SARS-CoV Spike protein at the virion surface incubated with heat-inactivated S-specific mouse or ham- ster sera
have been shown to faithfully mimic the SARS-CoV entry a dose-dependent enhancement of ACE2-negative Raji B and
process [9-11]. We infected cells with SARS-CoVpp in the Daudi cell transduction was observed (Fig. 4A-C). Only

presence or absence of heat-inactivated serum from triSpike background level of transduction was detected in the absence
immunized mice and hamsters as well as sera from ten of serum or in the presence of sera from the na"1ve control
convalescent SARS patients. Transduction of FcR-negative group. When Raji B cells were pre-incubated with a monoclonal
VeroE6 cells with SARS-CoVpp was reduced in a dose- antibody (mAb) against human Fc RII (CD32) SARS-CoVpp

dependent manner when pseudovirus was pre-incubated with transduction was reduced to background lev-
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Fig. 5. Protection of triSpike-immunized hamsters from SARS-CoV chal-
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Error bars indicated standard errors and asterisk (***) indicate the value of
»<0.001 in two-tailed ¢ tests. Values were expressed as TCIDsq per g of
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els demonstrating that pseudovirus entry was Fc RII depen-
dent (Fig. 4D). Furthermore ADE could be abrogated by pre-
incubating the pseudovirus-antibody mix with protein G,
demonstrating that the process is mediated by the Fc portion
of the antibody (data not shown). Interestingly, a mAb against
ACE2 blocked transduction of VeroE6 cells by SARS-CoVpp
but not on Raji B cells by SARS-CoVpp- antibody complexes
indicating that Fc RII mediated virus entry does not require
ACE2 for virus-cell membrane fusion (Fig. 4D). Only a low
level of SARS-CoVpp transduction was observed with the
J774A1 murine macrophage cell line despite the presence of Fc
RII receptor. ADE was not lim- ited to vaccine-induced anti-S
sera from mice and hamsters. Eight out of ten sera from
convalescent SARS patients also showed enhancement of Raji
B cell transduction despite the capacity of 10/10 sera to
neutralize virus entry into VeroE6 cells (data not shown). Our
results demonstrate that S-specific antibodies can induce a shift
in cell tropism of SARS- CoV towards human Fc RII
expressing cells. Antibody- and Fc RII-dependent but ACE2-
independent virus entry and fusion is a novel mechanism by
which SARS-CoV can enter into target cells.

3.7. Protection of immunized hamsters from SARS-CoV
challenge

Syrian golden hamsters were immunized 3 times at bi-
weekly intervals with 2 g, 10 g or 50 g of triSpike plus
alum and challenged intranasally with 103 TCIDsg/hamster
of SARS-CoV. Hamsters receiving triSpike vaccine were sig-
nificantly protected from SARS-CoV challenge compared
to mock immunized controls (Fig. 5). Complete protection
was observed following three doses of 50 g (mean viral
titer below the limit of detection) and partial protection was
observed in hamsters receiving the lowest dose. Half the ham-
sters receiving three doses of 2 g triSpike vaccine showed

complete protection from challenge. Mean viral titers for the
group were 102-3 TCIDs/g tissue. Seventy-five percent

of hamsters receiving three doses of 10 g triSpike vaccine
showed complete protection from challenge. One hamster for this
group had viral titers just above the limit of detection at 102
TCIDso/g tissue. In comparison of four mock immunized
hamsters had similar high titers of SARS-CoV present with a
mean viral titer of 1072 TCIDso/g tissue. Patterns or con-
sistent elevations of liver enzymes were not observed in any
group following any immunization or SARS-CoV challenge
(data not shown).

3.8. Histopathology

Five days following SARS-CoV challenge mock immu-
nized hamsters had severe pneumonitis and consolidation in
comparison to triSpike immunized hamsters where 9/12 had
mild, 2/12 had moderate and only 1/12 had severe pneu-
monitis and none had pulmonary consolidation. The data
indicate that regardless of the dose administered the vac-
cine significantly protects from the occurrence and severity
of pneumonitis following SARS-CoV challenge. In contrast
to previously published data where pneumonitis and consol-
idation were completely cleared by day 14 post-challenge,
moderate (1/4) to severe pneumonitis (3/4) was observed 21
days post-challenge in mock immunized hamsters. In triSpike
immunized hamsters 21 days post-challenge, pneumonitis
was completely cleared (3/13) or reduced to mild (8/12) or
moderate (2/12) levels. The variation between these obser-
vations and previously reported observations in the time to
resolution of pneumonitis is likely due to changes in tissue
processing. Lungs were inflated with formalin in these studies
and were not in the previous report [30]. Nevertheless, con-
sistent with previously reported data, 21 days after challenge
pulmonary consolidation was absent in all groups including
the mock immunized controls.

Histopathological analyses of livers at both days S (3/16)
and 21 (4/17) post-challenge revealed very rare foci of hepatic
cellular necrosis. These foci were observed in both mock
immunized and triSpike immunized hamsters post-challenge
and did not show any correlation with either pre-challenge
neutralizing antibody titers or liver enzyme levels (pre- or
post-challenge). Furthermore, SARS-CoV antigen was not
detected by immunohistochemical staining.

4. Discussion

There is currently no licensed vaccine against a human
coronavirus. Vaccines against animal coronaviruses have
been successfully generated, e.g. transmissible gastroenteritis
virus (TGEYV) [40]. However, the development of a vaccine
against FIPV has proven difficult due to immune enhance-
ment of disease in vaccinated cats. Receptors binding viral
envelope glycoproteins are prime targets for neutralizing
antibodies [41]. We hypothesized that a SARS-CoV enve-
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lope with native trimeric conformation would be optimal for
induction of conformation-dependent neutralizing anti- bodies
targeting multiple epitopes. Full-length coronavirus Spike
glycoproteins with an intact transmembrane domain were
previously shown to assemble into rosettes generating highly
immunogenic enveloped lipid spheres [42]. Biochem- ical
characterization of the S-protein immunogen showed that purified
recombinant S protein migrates in SDS-PAGE with an apparent
molecular weight >500 kDa, suggesting that it is a trimer. The
correctly folded S protein is a complex- glycosylated, non-
covalently linked homotrimeric glycoprotein which is not
cleaved by intracellular proteases during exit to the cell
surface. These results are in agreement with data obtained by
others for SARS [5] and other coronaviruses [4].
Immunopurified preparations of full-length S trimer (triSpike)
contain correctly folded S protein but also mannosylated high
molecular weight forms, which are likely ER retained proteins
that are not yet correctly folded or being degraded. Indeed, high-
mannose forms are purged from the ER, as evidenced by
pulse-chase experiments [33] and by treatment of S expressing
cells with translation inhibitor cycloheximide. Correct folding
and native conformation of triSpike was confirmed by binding
to soluble ACE2 recep- tor. Preliminary results obtained with
two soluble forms of the S-protein ectodomain, Secd (aal-
1184) and S1 (aal- 757), show that Secd migrates with the
apparent molecular weight of a trimer (>500 kDa), consistent
with the model that trimerization domains are located within
the membrane proximal S2 domain, while S1 migrates with
the apparent molecular weight of a monomer (data not
shown). These findings are in agreement with previous reports
showing that coronavirus MHV and TGEV S proteins are
trimers [4,43].

Immunization studies in mice and hamsters demonstrated
that triSpike is highly immunogenic and induces a long-
lasting neutralizing response which remains stable for up
to 6 months (neutralization titer 1/800) when the immuno-
gen is administered with alum, an adjuvant licensed for use
in humans [44]. Mucosal immunity can provide a first-line
defense mechanism against viral infection in the respiratory
tract or intestinal lumen where SARS-CoV replicates [45,46].
Our results show that a neutralizing IgG and IgA response can
be induced through immunization with S protein
adjuvanted in alum. The induction of anti-S IgA, absent from
nasal lavage samples in this study, might be critical for
improved neutral- ization activity [47].

Several studies have previously pointed towards the recep-
tor binding domain (RBD) within S1 as key target for neutral-
izing antibodies [48,49]. A human mAb from a non-immune
human antibody library was described which blocked asso-
ciation of S-protein with ACE2 [S0]. In our experiment sera
collected from Secd and S1 immunized animals also neu-
tralized SARS-CoV (unpublished data) suggesting that the
key neutralization epitopes are located in the S1 domain
and that correct conformation of the monomer alone is suffi-
cient to achieve a neutralizing response. Our data show that

a purified protein vaccine can induce such blocking anti-
bodies with high efficiency. Indeed neutralizing sera from
our vaccinated mice prevented triSpike binding to soluble
human ACE?2 receptor indicating that the RBD is accessi-
ble to antibodies and suggesting receptor binding inhibition
as key mechanism of virus neutralization in triSpike immu-
nized animals. However, blocking of receptor binding might
not be the sole mechanism of virus neutralization. Neutral-
ization with antibodies against the putative S2 protein [S1]
suggest that antibodies can also block post binding steps,
e.g. conformational transitions of the S2 subunit required for
membrane fusion.

Antibody-dependent enhancement (ADE) of infection has
been described for several viruses, e.g. Dengue virus, Human
Immunodeficiency Virus, Ebola virus and FIPV [26,52-55].
ADE occurs when a virus-antibody complex interacts with
FcR or complement to trigger virus uptake or alternatively
when antibodies induce conformational changes in enve-
lope glycoproteins that are required for virus-cell membrane
fusion [56]. Antibody-dependent conformational changes
have previously been reported for a civet cat strain of
SARS-CoV which showed enhanced entry into a human
renal epithelial cell-line in the presence of human mono-
clonal antibodies against human strain of SARS-CoV Spike
[25]. We could exclude this mechanism of enhancement as
sera from triSpike vaccinated mice did neutralize, rather
than enhance, virus infection on VeroE6 cells. However, we
observed that sera from triSpike vaccinated mice or
hamsters showed a 100-1000 fold increase in virus entry
into Fc RII positive, ACE2-negative human B cells. ADE
was still observed when the complement was inactivated by
heat treatment of sera but could be abrogated by protein G
and an anti-Fc¢ RII antibody, demonstrating that ADE is
mediated by the Fc region of the antibody and the Fc RII
receptor. Interestingly, the R/R131 genotype of the human
Fc RIIA receptor was recently correlated with severity of
disease in SARS patients [S7]. Our results show that anti-
ACE2 antibody did not reduce transduction by pseudovirus-
antibody complexes indicating that Spike-mediated virus cell
entry and membrane fusion can occur through an ACE2-
independent mechanism. Together with previously described
data, our results suggest that pseudovirus-antibody com-
plexes might be endocytosed via Fe RII, followed by pro-
tease cleavage of S in the endosome [58,59] and S2-mediated
membrane fusion in a low pH endosomal compartment
[9,60].

ADE in the FIPV model has been linked to specific
enhancing non-neutralizing epitopes and enhancing non-
neutralizing IgG2a antibodies [61,62]. Analysis of mono-
clonal antibodies against S should provide evidence whether
antibody subclass or specific epitopes are involved in the
enhancement mechanism. Interestingly, we observed the
enhancement phenotype only in human B cell lines but not in
mouse macrophages despite the presence of Fc RIIL. Reasons
for this are unclear, but the respective role of activating and
inhibiting human Fc RII which have identical extracellular
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but heterologous intracellular domains and signaling capac- ities
might play a role [63]. ADE in SARS-CoV entry is not
restricted to vaccine-induced anti-S antibodies but can also be
observed with SARS patient sera. Eight out of ten sera capa- ble
of neutralizing infection on VeroE6 cells were found to enhance
transduction of B cell lines. B cells have been shown to be only
occasionally infected in patients with SARS [64]. However,
enhanced viral entry into B cells could have a pro- found effect
on pathogenesis even if ensuing viral replication in this cell type
is abortive. Vaccine-induced antibodies that enhance entry of
virus could increase the frequency of B cell infection in
vaccinated subjects and alter disease on subse- quent exposure
to SARS-CoV.

Vaccine-mediated protection against SARS-CoV
infection in mice has been demonstrated using different
vac- cine approaches [19,20,65]. However, mice do not
replicate SARS-CoV to high titers and do not show
pronounced pathol- ogy in lungs [15]. On the contrary,
ferrets [28], cynomolgus macaques [29] and hamsters [30]
have been shown to support high titer replication of SARS-
CoV in the respiratory tract associated with pneumonitis. In
order to assess the respective role of neutralization or ADE
in vivo we performed SARS- CoV challenge experiments in
hamsters vaccinated with three doses of 2, 10 or 50 g of
protein in alum adjuvant. All vac- cinated groups showed a
significant decrease of viral load at 3 days post challenge by
at least four orders of magnitude without signs of
enhanced lung pathology. The rare foci of hepatocyte
necrosis that we observed in these hamsters did not
correlate with pre-challenge neutralizing antibody titers,
liver enzyme levels (pre- or post-challenge), or immunohis-
tochemical detection of SARS-CoV antigen suggesting that
hepatic cellular necrosis is unrelated to SARS-CoV immu-
nization or infection in Syrian golden hamsters. This contrasts
with a report of hepatitis 28 days following challenge with
SARS-CoV in ferrets vaccinated with a poorly immunogenic
recombinant MVA vaccine expressing SARS-CoV spike pro-
tein [24].

Altogether our results indicate that a recombinant
trimeric S protein was able to elicit a protective immune
response in vivo but if the observation of enhanced entry
into B cells in vitro can be shown to have an in vivo
correlate, this would warrant concern in the safety
evaluation of a human vaccine against SARS-CoV.
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(ADE) of SARS coronavirus infection and its role in
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Antibody-dependent enhancement (ADE) is a mechanism by which viruses, such as dengue, HIV and Ebola,
gain entry into some target cells through the use of host antiviral humoral immune responses [1]. Here, we
studied the ability of severe acute respiratory syndrome coronavirus (SARS-CoV) [2] to use ADE mechanisms
to enhance its infectivity towards cells of the hematopoietic lineage.

We found that heat-inactivated immune serum from rodents vaccinated with recombinant native full-length
Spike protein trimers [3] triggered infection of human immune cells (monocytic and B cell lines) by SARS-
CoV Spike pseudotyped particle (SARS-CoVpp). The occurrence of antibody-mediated infection of human
Raji B cells was further investigated by using live SARS-CoV. Similarly to results obtained with the
SARS-CoVpp, only anti-SARS-CoV Spike serum, but not mock immune-serum, induced a massive
increase of SARS-CoV viral genes (ORF1b and Nucleocapsid) and viral proteins (Membrane and
Nucleocapsid) in Raji B cells. As revealed by immunostaining, only a relatively low, however significant
percentage of the Raji cells get infected by antibody-mediated infection and did not allow direct assessment of
productive replication by conventional cytopathic assays and TCIDS5O0 titration.

Taken together, our data suggested that SARS-CoV is able to enter human immune cells via an antibody-
mediated pathway and immunological consequences of such infection are under investigation (productive
replication, cytokines secretion profile and cell death etc). Our data raise reasonable concerns regarding
the use of SARS-CoV vaccine in humans and pave the way to further studies focusing on the role of
immune-mediated infection phenomenon during SARS pathogenesis.
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Risk by ethnic background

A comparison between eight individual samples demonstrated that the Asian male one has an
extremely large number of ACE2-expressing cells in the lung. This is based on an unfinished
study by Yu Zhao, Zixian Zhao, Yujia Wang, Yueqing Zhou, Yu Ma, Wei Zuo and published by
Bio Rxiv :
https://www.eturbonews.com/542533/coronavirus-risk-for-asians-africans-caucasians-
revealed/

A second study investigates how and why the virus will enter the human body, by Michael

Letko, Vincent Munster

Apparently the coronavirus enters a human body through some connection with something
called the ACE2 receptor. East Asians and men have more than say white Europeans and

women. Being a white woman seems to be the way to have much lesser risk.

According to this study and based on the assumption in this study and in regards to the
receptor, Angiotensin-converting enzyme 2, human populations where samples were available
were categorized by risk in obtaining a dangerous version of the virus. Most ill may not feel
more than a common cold, for others Coronavirus can be fatal.

According to this preliminary study the risk of obtaining the virus:

High risk 90%-99%

Japanese in Tokyo, Japan

Southern Han Chinese

Kinh in Ho Chi Minh City, Vietnam

Han Chinese in Bejing, China

Chinese Dai in Xishuangbanna, China

Moderate Risk: 80-89%

Not found

Medium to Moderate Risk: 70-79%

Peruvians from Lima, Peru

Bengali from Bangladesh

Sri Lankan Tamil from the UK

Indian Telgu from the UK

Mexican Ancestry from Los Angeles, USA

South Asians (general average)


https://www.eturbonews.com/542533/coronavirus-risk-for-asians-africans-caucasians-revealed/
https://www.eturbonews.com/542533/coronavirus-risk-for-asians-africans-caucasians-revealed/
https://www.biorxiv.org/content/10.1101/2020.01.22.915660v1.full
https://www.biorxiv.org/content/10.1101/2020.01.22.915660v1.full
https://www.biorxiv.org/content/10.1101/2020.01.26.919985v1.full

Medium Risk: 60-69%

Guijarati Indians from Houston, TX
Admixed Americans

Americans of African Ancestry in SW USA
Punjabi from Lahore, Pakistan
African Caribbeans in Barbados
Luhya in Webuye, Kenya

Mende in Sierra Leona

Africans (general average)

Esan in Nigeria

British in U.K.

Gambians in Western Division in The Gambia
Puerto Ricans

Low to Medium Risk: 50-59%
Colombians from Medellin

Yoruba in Ibadan, Nigeria

Finnish in Finland

Iberian Population in Spain
Europeans (in General)

Utah Residence (Caucasians)
Toscani, Italy



Populations at risk

Average of six genetic variants associated with higher ratios of ACEZ cells:
rs233575 (A), rs714205 (G), rs1978124 (C), rsB79922 (G), rs2048683 (G),

risk for Coronavirus

rs1B77752 (C)
Code Population
IPT lapanese in Tokyo, lapan
CHS Southern Han Chinese
EAS East Asign
KHV Kinh in Ho Chi Minh City, Vietnam
CHB Han Chinese in Beijing, China
COX Chinese Dai in Xishuangbanna, China
PEL Peruvians from Lima, Peru
BEB Bengali from Bangladesh
STU Sri Lankan Tamil from the UK 75%
mu Indian Telugu from the UK 74%
WXL Mexican Ancestry from Los Angeles USS 72%
SA&5 South Asign T2%
GIH Gujarati Indian from Houston, Texas a8%
AMR Admixed Americon BE%
ASW Americans of African Ancestry in SW US4 6%
PIL Punjabi from Lahore, Pakistan 65%
ACB African Caribbeans in Barbados 4%
LWE Lubya in Webuye, Kenya 63%
MSL Mende in Sierra Leone B2%
AFR African 62%
ESN Esan in Nigeria 62%
GBR British in England and Scotland 61%
GWD Gambian in Western Divisions in the Gambia 61%
PUR Puerto Ricans from Puerto Rico 60%
CLM Colombians from Medellin, Colombia 59%
YRI Yoruba in Ibadan, Nigeria 57%
FIM Finnish in Finland 57%
185 Iberian Population in Spain 56%
EUR Eu ian 56%
CEU Utah Residents with Northern and Western European Ancestry 53%
TSl Toscani in italia 51%
1000 Genomes Project
AGE  SEX RACE Smoking Statugs _ Single Cell Number
Donorl | 63 F Alican American Roever 5370
Donor? | 55 W Asan Farmes 3813
Donord | 29 F African Amencan Mever 5150
Donord 7 F African American Mever 5142
Donors | 49 F Vihite Active 275
Donore | 22 F African Amencan MNever 428 "
Donor? [ 47 F White Active 7446 H




Summary

The 2019-nCoV virus spike protein has infinity for the ACE2 receptor and Females from prior studies
are less at risk from nCoV-2019 due to the enhancing nature of Estrogen’s effect on ACE2 pre-
menopause.

We can consider those most at risk of nCoV-2019 spike protein as people with low ACE2 or inhibited
receptors such as the elderly / smokers and those in high air pollution areas.

The reduction in the ACE2 receptors, would as the included data indicates mean that the NcoV-2019 has
a more dramatic effect.

While the general population are liable to have symptoms akin to common cold comprising 200 virus
strains of Rhinovirus or one of the 4 types of flu virus.

Air quality and smoking amplify infection effects and worsen outcomes in otherwise outwardly healthy
people.

Acute Patients are going to require full scale medical intervention and a small percentage will not
recover either in the first wave or if caught with ADE in following waves.



ADE forms an important concern on recurrent infection and vaccine initiatives- this explanes the lengths
Chinese government liable to go to.

A strong positive correlation was found between ACE2 activity and concentration level in both male and
female EH patients making both elderly and those with existing conditions at great risk of fatal
outcomes first or second wave

Vaccines are liable to need multi path coverage, repeated shots to acquire immunity and a persentage of
necrosis from animal studies.

Antibody-dependent enhancement (ADE) means that governments working basis that for for example
economic shocks can be minimised and lets use figures :-

First wave per 100 cases

15 acute requiring intensive hospital care

1-3 die

This hasn’t taken into account waves as with Spanish flu

https://www.cdc.gov/flu/pandemic-resources/1918-commemoration/three-waves.htm


https://www.cdc.gov/flu/pandemic-resources/1918-commemoration/three-waves.htm
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The Data being the best I had available and aware of and Remembering Larry Tesler King of cut and
paste, I did the best I could !

I invite discussion, criticism and debate- to be human is to be flawed and I appreciate data sets
published. Hope for the best and plan for the worst lumsdenad@gmail.com


https://www.bbc.co.uk/news/world-us-canada-51567695
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