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Endothelial oxidative stress and inflammation attributable to the activation of a Nox2-NADPH oxidase are key
features of many cardiovascular diseases. Here, we report a novel small chemical compound (LMHO001, MW =
290.079), by blocking phosphorylated p47P"°* interaction with p22P"**, inhibited effectively angiotensin II
(AnglD-induced endothelial Nox2 activation and superoxide production at a small dose (IC50 = 0.25 pM)
without effect on peripheral leucocyte oxidative response to pathogens. The therapeutic potential of LMH001
was tested using a mouse model (C57BL/6J, 7-month-old) of AnglII infusion (0.8 mg/kg/d, 14 days)-induced
vascular oxidative stress, hypertension and aortic aneurysm. Age-matched littermates of p47ph°x knockout
mice were used as controls of Nox2 inhibition. LMHO001 (2.5 mg/kg/d, ip. once) showed no effect on control
mice, but inhibited completely AngII infusion-induced excess ROS production in vital organs, hypertension,
aortic walls inflammation and reduced incidences of aortic aneurysm. LMHOO1 effects on reducing vascular
oxidative stress was due to its inhibition of Nox2 activation and was abrogated by knockout of p47P"°*. LMHO001
has the potential to be developed as a novel drug candidate to treat oxidative stress-related cardiovascular

diseases.

Endothelial oxidative stress and inflammation attributable to the
excess production of reactive oxygen species (ROS) by a Nox2-
containing nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase, or Nox) is involved in many cardiovascular diseases
such as hypertension, atherosclerosis, aortic aneurysms and heart failure
[1-3]. The NADPH oxidase is a complex enzyme of several regulatory
subunits, e.g., p40PP°%, p47PPoX p67PMX and racl and a cytochrome b558
(containing a catalytic Nox subunit and a p22ph°x subunit) [1,4]. So far,
seven isoforms of Nox (Nox1-5 and Duox 1-2) have been reported.
Among them, Nox2 is highly expressed in vascular endothelial cells and
phagocytes [3,5]. Endothelial Nox2 has a low basal activity under the
physiological conditions. However, when endothelial cells face chal-
lenge, such as Angll, inflammatory cytokines and high glucose, endo-
thelial Nox2 is activated. Excessive Oy~ production by Nox2 results in
endothelial dysfunction and oxidative damage.

The p47P"°* is a primary regulator of Nox2 enzyme [4,6]. In the

vascular system, p47P"°* phosphorylation and binding to p22P"** are

essential for Angll-induced endothelial Nox2 activation and ROS pro-
duction [7]. In animal models, selective knockout of p47phox or Nox2
can prevent the development of oxidative stress-related vascular dis-
eases which makes Nox2 an attractive target for pharmacological
intervention [8,9]. During the past decades, several chemical com-
pounds of Nox2 inhibitors have been reported [10-14]. However, there
are concerns in their clinical application because leucocyte Nox2 acti-
vation is crucial for host defence. It is essential therefore, that any po-
tential anti-Nox2 therapy when used at an effective dose to treat
vascular oxidative stress would not compromise leucocyte function. In
addition, ROS are important signalling molecules in the regulation of
cellular homeostasis. It is important that anti-Nox2 therapy at the given
dose will not supress essential cellular ROS production.

LMHO001 (2,3,-dihydroxyphenyl) methyl 4-hydroxy-3-(hydroxyr-
nethyl) benzoate) is a small chemical compound (MW = 290.079)
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belonging to a group of bi- and tri-aromatic compounds discovered
previously [15]. It was found to have no cytotoxicity to cultured cells,
but displayed a great inhibition of reactive oxygen species (ROS) pro-
duction by endothelial cells in response to various pathogenic stimula-
tions including Angll, TNFa and high glucose [15]. However, LMHO001
was not tested in vivo previously. The overall aim of this study is to
investigate the therapeutic potential of LMH001 against AnglI-induced
vascular oxidative stress and inflammatory damage to aortic walls
using a disease model of AnglI infusion-induced hypertension and aortic
aneurysm in mice. Age matched p47P" knockout (p47KO) mice under
exactly the same experimental conditions were used as control of Nox2
inhibition. Here, we reported that LMHOO1 is safe both in vitro and in
vivo. When LMHO0O01 was used at a small but effective dose that inhibited
completely vascular oxidative stress in response to AngII challenge, the
leucocyte oxidative response to pathogens was well preserved. LMHO001
inhibited completely Angll-induced endothelial Nox2 activation,
oxidative stress and inflammation, and protected mice from the devel-
opment of hypertension and reduced incidence of aortic aneurysm for-
mation in response to Angll infusion challenge. LMHOO1 has the
potential to be developed into a new class of drug to treat oxidative
stress.

1. Materials and methods
1.1. Reagents

LMHO01 (2,3,-dihydroxyphenyl) methyl 4-hydroxy-3-(hydroxyr-
nethyl) benzoate, MW = 290.079) (molecular grade) was synthesized
at Tocris Biosciences (Bristol, UK) [15]. AngIl was purchased from
Sigma-Aldrich. Polyclonal antibodies against Noxl, Nox2, Nox4,
p22PhoX paqPhox pa7phox 67PhoX 1001 and CD31 were from Santa Cruz
Biotechnology. Antibodies to mouse CD45 and CD68 were from Abcam
(UK). Antibodies to phospho-ERK1/2 (ERK1TPr202/Ty1204  apq
ERKZThrl 85/Tyrl 87)’ phOSphO—p38MAPKThr1 80/Tyrl 82’ and phos-
pho-JNKThﬂSS/ Tyrl85, Thr221/Tyr223 \yore from Sigma-Aldrich (UK). DHE
(dihydroethidium) was purchased from Invitrogen (UK). The scrambled
control peptide and Nox2tat ([H]-RKKRRQRRRCSTRVRRQL-[NH2])
were provided by PeptideSynthetics (PPR Ltd. Fareham, UK). All other
reagents and chemicals were from Sigma-Aldrich (UK) unless stated.

1.2. Fluorescence polarization assay

The plasmid containing p47°'* tandem SH3 domain (residues
156-285) subcloned into pGex-6p-1 was kindly provided by Dr Rittinger
(Imperial College London, UK). GST and GST-p47P"** were expressed in
competent BL21 cells and affinity purified. FITC-labelled p22PP* C-
terminal proline-rich domain peptide (FITC-Ahx-PPTNPPPRPPAE, resi-
dues 151-162 of p22phox) was synthesized by Peptide Protein Research
Ltd. (Hampshire, UK). The equilibrium dissociation constant (KD) was
determined using 5 nM of FITC-p22P"°% peptide and GST-p47P'°* SH3
domain protein at concentrations from 0.001 to 1 pM by fluorescence
polarization assay according to a published protocol and was detected
using a fluorescence microplate reader (PHERAstar’™™, BMG labtech,
UK) [16,17]. The polarization values in millipolarization units (mP)
were measured at an excitation wavelength 485 nm and an emission
wavelength at 530 nm. GST-p47°"°% at 50 nM and FITC-p22P"°% at 5 nM
were used for testing LMHOO1 dose-dependent competitive inhibition.
IC50 was determined using nonlinear regression in GraphPad Prism
software (version 8.2). The Ki was calculated based on the values of IC50
and KD using equation published previously [17].

1.3. COS-phox cells, COS-p22P"° cells and gene transfection
COS-phox cells (COS7 cells with stable expression of gp91Ph°X,

p22Phox 547PhoX and p67PMo%) and COS-p22PM%* cells [18] were kindly
provided by Dr M. C. Dinauer (The Indiana University Medical Centre,
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USA). The COS-p22phox cells were transiently co-transfected with WT
p47P"°% mutated p47P"°% (S303-4/379A) using lipofectamine plus
(Invitrogen) as described previously [18,19]. Cells were used after 48 h
of gene transfection.

1.4. Coronary microvascular endothelial cell (CMEC) isolation and
culture

This was performed according to a method reported previously [20].
CMEC were isolated from the hearts of WT and p47KO mice, and
cultured in DMEM supplemented with 10% FBS, EC growth supplement
(30 pg/ml), epidermal growth factor (10 ng/ml), vascular endothelial
growth factor (0.5 ng/ml), ascorbic acid (1 pg/ml), hydrocortisone (1
pg/ml), 1-glutamine (2 mmol/L), penicillin (50 U/ml) and streptomycin
(50 pg/ml). At passage 2, CMECs were detached and seeded at 10°
cells/ml in T25 flask for the experiments. Next day, the culture medium
was replaced with medium containing either AngII (100 nM, 24-48h) or
saline as control with or without LMHOO1. Cells were then harvested for
further experiments.

1.5. Bone marrow hematopoietic cells and peripheral blood mononuclear
cell (PBMC) isolation

The bone marrow cells were isolated from mouse femurs and the red
blood cells were lysed according to the protocol published previously
[21]. Mouse PBMC were isolated from fresh whole blood as described
previously [22]. Briefly, whole blood was collected in EDTA tubes, and
PBMC were isolated by density centrifugation using OptiPrep™ gradient
solution (Sigma-Aldrich). The red blood cells were lysed by addition of 2
mL H30 for 30 s. PBMC were then resuspended in HBSS, kept on ice and
used immediately for the experiments.

1.6. Cell viability and cytotoxicity assays

Cell viability was examined using CellTiter 96® AQyeous One Solu-
tion Cell Proliferation Assay (MTS) (Promega, UK) according to manu-
facturer’s instruction. The absorbances at 490 nm were recorded using a
plate reader (Molecular Devices, UK). The cytotoxicity was examined
using MTT assay kit (Sigma, UK) according to manufacturer’s instruc-
tion. Briefly, cells were stimulated with vehicle or LMHOO1 in phenol
red-free culture medium for 24 h. The medium was then replaced by
100 pL MTT solution (0.5 mg/mL in phenol red free medium). Following
2 h of incubation, the MTT solution was removed and the crystals
formed were dissolved with 100 pL of DMSO and the absorbance was
read at wavelength of 569 nm using a plate reader (Molecular Devices).

1.7. ROS measurement using five complementary assays

(1) Lucigenin (5 pM)-chemiluminescence in the presence of NADPH
(100 pM) was used for detecting ROS generation by vascular cell or
tissue homogenates using a 96 well microplate luminometer (BMG
Lumistar, Germany) [23]; NADPH was omitted for detecting Oy~ pro-
duction by living PBMC (5 x 10 cells/well in suspension). For the
comparison of enzyme inhibitor efficacies, individual inhibitor, i.e.,
1-NAME (N-nitroarginine methyl ester, 100 pM, a nitric oxide synthase
inhibitor), rotenone (100 pM, a mitochondrial complex-1 enzyme in-
hibitor), diphenyleneiodonium (DPI) (20 pM, a flavoprotein inhibitor),
apocynin (20 pM, a Nox2 inhibitor) and Nox2tat (10 pM, a specific
peptide Nox2 inhibitor) was added into the wells loaded with endo-
thelial homogenates and incubated for 10 min at room temperature
before the measurement of ROS production. (2) DHE fluorescence HPLC
assay with or without superoxide dismutase—polyethylene glycol (PEG-
SOD) was used to detect ROS production in tissue or cell homogenates
[3]. Separation of DHE, superoxide specific product 2-hydroxyethidium
(2-OH-E) and ethidium was performed using a JASCO HPLC system
equipped with both UV (UV-2077, Jasco) and fluorescence (FP-2020,
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Jasco) detectors. (3) Superoxide dismutase (SOD, 200U/mL)-inhibitable
cytochrome c reduction assay was used for detecting Oy~ production
[23], and (4) Amplex Red assay (Invitrogen Inc.) was used for detecting
H20; production in the presence or absence of catalase (300 U/ml) as
described previously [23].

In situ ROS production by aorta sections was detected by DHE (2 pM)
fluorescence in the presence or absence of tiron (10 mM, a non-
enzymatic Oy~ scavenger) to confirm the detection of Oy”". DHE fluo-
rescence was detected using an Olympus BX61 fluorescence microscope
system, and quantified from at least 5 random fields/section with 3
sections/sample and 6 animals/group [23].

1.8. Preclinical pharmacokinetic (PK) assessment and modelling of
LMHO001

For the PK study, male CD1 mice (Charles River Ltd, UK) at 3-4-
month-old (body weight 25-30 g) were used for the study. LMHO001
was injected via a tail vein into mice at 10 mg/kg (bolus dosing volume
5 mL/kg). Six mice/per time points were sacrificed at 0, 1, 2.5, 5, 15, 30,
60 min and then at 3, 6, 12 and 24h after iv injection. Blood samples
were collected for plasma preparation. LMHOO1 was extracted using
100 pL of HCI (60 mM) and 800 pL ethyl acetate according to a published
method [24]. LMHOO1 was detected using an Accela HPLC coupled to a
linear ion-trap tandem mass spectrometry (LTQ-Orbitrap XL,
Thermo-Fisher Scientific, UK) in negative ionization mode. LMHO001
appeared as a single symmetrical peak around 4.7 min with selected
transition at m/z of 289.0 — 167.0 + 5.0. PK modelling was performed
using the commercial software package, Phoenix WinNonlin 8.1. The
concentrations of plasma LMHO0O01 detected at 1-30 min after iv injec-
tion were modelled as described previously by non-compartmental
analysis [25]. The calculated parameters included peak concentration
(Cmax); AUC1_30 min and AUCy., (time O to infinity); elimination rate
constant (kel), t; /5, and plasma clearance (CL).

1.9. Animals and AngIl minipump infusion

The animal studies were performed in accordance with the protocols
approved by Ethics Committees of the University of Surrey and the
University of Reading and the UK Home Office under the Animals Act
(Scientific Procedures) 1986, UK. The p47P"°* knockout (KO) mice on a
129sv background were obtained from the European Mouse Mutant
Archive, and backcrossed to C57BL/6J for 10 generations in our insti-
tution as described previously [19]. These mice lacked phagocyte su-
peroxide production and manifested an increased susceptibility to
infection. Littermates of WT, p47P"°* KO mice were bred in our animal
unit from heterozygotes and genotyped. Animals were housed under
standard conditions with a 12:12 light dark cycle and food and water
were available ad libitum.

For AnglI experiments, littermates of WT and p47P"°* KO male mice
(7-month-old) were randomly grouped into control versus AngII, and
vehicle versus LMHO0O01 treatment groups (n = 12/per group). Osmotic
mini-pumps (Alza Corp) was planted under anaesthesia for delivering
Ang II for 14 days. The dose of 0.8 mg/kg/d was selected based on the
literature [3] and our pilot experiments that showed significant vascular
oxidative stress and high blood pressure with minimum unexpected
incidence. Control group was infused with saline. Treatment groups
received either LMHOO01 (2.5 mg/kg/d) or vehicle (0.3% DMSO in sa-
line) with a total volume of 100 pl by intraperitoneal injection (ip) at 10
a.m. (once per day). LMHOO1 dose was estimated according to IC50
obtained from CMEC and pharmacokinetic modelling.

1.10. BP, aortic aneurysm and metabolic assessments
BP was measured by a computer controlled non-invasive tail-cuff BP

system (Kent Scientific Corporation, USA) on conscious mice (after one
week of training) at 10 a.m., and recorded by the CODA program [26].

Redox Biology 51 (2022) 102269

The levels of fasting serum liver alanine aminotransferase were
measured using standard method of the ADVIA 2400 analyser (Siemens,
UK). Food and water consumptions were measured daily and body
weights were measured weekly as described previously [26]. Aortic
aneurysm was defined as an increase of 50% or more in the maximum
diameter of suprarenal aorta compared to saline-infused control mice as
described previously [27]. The suprarenal aortic diameter and wall
thickness were measured using ImageJ (National Institutes of Health,
Bethesda, MD).

1.11. Aorta functional assessments (organ bath)

This was done exactly as described previously [26]. Freshly isolated
thoracic aorta rings were cut 3-4 mm in length and suspended in an
organ bath (ML0146/C-V, AD Instrument Ltd) containing 10 ml (37 °C)
of Krebs-Henseleit solution (in mM: NaCl 118, KCl 4.7, KHyPO4 1.2,
MgS04 1.2, CaCl; 2.5, NaHCOg3 25, glucose 12, pH 7.4) gassed with 95%
02/5% CO;. The maximal contractile response to KCl (50 mM) was
assessed firstly. After washout and re-equilibration, aorta contractile
response to phenylephrine (0.001-10 pM added cumulatively) was
tested. The following experiments were set-up firstly to achieve 70% of
phenylephrine-dose-dependent tension which allowed us to assess
Angll-induced further tension increase that is ROS dependent. Acetyl-
choline acts through its receptor on the endothelial cell membrane to
increase the intracellular concentration of calcium, which through
calmodulin to activate endothelial nitric oxide synthase (eNOS) and to
produce nitric oxide (NO). Endothelium-dependent relaxation to
acetylcholine (ACh, 0.001-10 pM added cumulatively) and
endothelium-independent vessel relaxation to an NO donor, sodium
nitroprusside (SNP, 0.0001-1 pM added cumulatively), were tested in
rings pre-constricted with PE to 70% of their maximal
phenylephrine-induced contractile response [26].

1.12. Measurement of NO production and serum TNFa

The level of NO production was assessed by measuring the concen-
tration of serum nitrite, which is one of the primary stable and
nonvolatile breakdown products of NO using the Griess assay kit from
Promega (UK), and the serum TNFa levels was detected using an ELISA
kit (ThermoFisher, UK) according to manufacturer’s instruction.

1.13. Immunoblotting

This was performed exactly as described previously using aorta tis-
sue homogenates [23]. The a-tubulin detected in the same sample was
used as a loading control. For the quantification of phosphorylation of
MAPKs, the total level of the same protein (phosphorylated and
unphosphorylated) was pre-tested and justified to achieve equal
loading. The images were captured digitally using a BioSpectrum AC
imaging system (UVP, UK), and the optical densities of the protein bands
were normalized to the loading controls of the same samples and
quantified.

1.14. MMP activity zymography and histology

MMP activity was measured in situ on aorta sections using the Enz-
Chek Gelatinase/Collagenase Assay Kit according to the manufacturer’s
instructions (Molecular Probes) [3,28]. Proteolytic activity was detected
as green fluorescence, and visualized under fluorescence microscopy. In
gel zymography was performed as described previously using SDS-page
containing 0.8 mg/mL gelatine (Sigma) and aorta homogenates [29]. All
stock solutions for electrophoresis were made using electrophoresis
grade reagents, filter sterilized and kept at 4 °C. Homogenates were
freshly prepared on ice and centrifuged at 4 °C. Gel Protein equal
loading was pre-checked for a-tubulin expression. H&E staining was
used for vessel morphology. Verhoeff-Van Gieson staining was used for
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visualizing elastin fibres, and Masson’s trichrome staining was used for
visualizing collagen using the protocols published previously [30,31].
Images were captured using Evos XL Core imaging system and analysed
using ImageJ 1.41 software and Image-pro Plus.
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1.15. Immunofluorescence microscopy

The experiments were performed exactly as described previously [3,
23]. All buffers and reagents were freshly prepared and kept on ice
before use. Experiments were performed on ice. Primary antibodies
were used at 1:200 dilution. BSA (2%) was used in the place of primary
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antibodies as a negative control. Biotin-conjugated anti-rabbit or
anti-goat IgG (1:1000 dilution) were used as secondary antibodies.
Specific binding of antibodies was detected by extravidin-FITC or
streptavidin-Cy3. Images were acquired either with Zeiss confocal
fluorescence microscope or an Olympus BX61 fluorescence microscope
system. Fluorescence intensities were quantified digitally using the
software of the microscopy. For statistical analysis, at least 5 random
fields/section with 3 sections/sample were used per animal and 6 ani-
mals were used per group. The control background captured from sec-
tions of the same aorta without primary antibody was deducted and the
results were expressed as Fluo-intensity.

1.16. Statistical analysis

This was performed using GraphPad Prism software (version 8.2).
Non-linear regression was used for the analysis of dose response of
competitive inhibition and data were presented as Mean + SD unless
stated in the figure legends. One-way ANOVA plus the Brown-Forsythe
test and Bartlett’s test for examining the homogeneity of variance
were used when there was only one factor or independent variable
involved. Bonferroni’s multiple comparison test was used for statistic
differences in one-way mode. Two-way ANOVA plus Tukey’s multiple
comparison test were used for repeated measures such as body weight,
heart weight, food and water intakes etc. and for studies where the ef-
fects of two independent variables were involved. The number of mice
with or without aortic aneurysm in different groups was analysed using
Fisher’s exact test. For in vitro studies, results were from at least 5 in-
dependent cell cultures or cell isolations. Pharmacokinetic experiments
were n = 6 mice/time point. AnglI studies were n = 12 mice/group. For
box-whisker graphics the medians plus minimum to maximum values
were used. P < 0.05 was considered statistically significant.

2. Results
2.1. Background information of LMHOO1 action and efficacy

LMHOO01 is a small chemical with a molecular weight = 290.079 Da
(Fig. 1a). It was designed based on published crystalised structure of
p47phox tandem SH3 domains (PDBe 1ov3) by computer structural
modelling of p47P"°* phosphorylation-induced conformational changes
and interaction with p22P"°* C-terminal proline rich region peptide
(QPPSNPPPRPP) as reported previously [32]. A pharmacophore was
identified in p47P"°* within the space of Trp263, Asp243 and Ser208,
which are the binding sites for p22P"°* (Supplementary Figs. 1a-b).
LMHO01 is designed as a bi-aromatic compound with modelled interacts
with Ser208, Asp243, Glu241 and Asp261 via side-chain hydrogen
bonding and with Trp-263 by n-n stacking (Supplementary Fig. 1c).
When p47PP°* is phosphorylated and exposes the tandem SH3 binding
pocket, LMHOO1 (due to its small size) can quickly occupy the pocket
and block binding to p22P"°* and thereafter inhibit Nox2 activation
(Supplementary Fig. 1d).

The efficacy of LMHOO1 as a competitive inhibitor to block phos-
phorylated p47P"°* binding to p22P"°* was examined by fluorescence
polarization assay [16] using a GST fusion protein of p47P"* tandem
SH3 domains [33] and a FITC-labelled pzzph‘”‘ C-terminal proline-rich
peptide (Fig. 1b). The equilibrium dissociation constant (KD) of
p47P"%% binding to p22P"X peptide was 0.045 pM. LMHO01 inhibited
competitively the binding between p47P'* and p22P"°* peptide with an
IC50 = 0.149 pM and a Ki = 0.054 pM.

The specificity of LMHO001 binding to phosphorylated (but not
unphosphorylated) p47phox was examined by co-immunoprecipitation
(IP) using COS-p22/p47P"* cells containing either a WT p47Phox
plasmid or a $303-304/309A mutated p47PP'°* plasmid, in which the
serines 303-304 and 379 were replaced by alanines that cannot be
phosphorylated to expose the tandem SH3 pocket for LMHO001 to bind
[19,32]. Cells were challenged by PMA (100 ng, 1h) to induce p47P"°%
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phosphorylation in the presence of LMHO01 (10 pM). LMHO001 was
detected by HPLC-MS/MS only in the p47P"°% IP pellets of cells stimu-
lated with PMA, but not in the IP pellets of mutated p47P"* or
unphosphorylated p47P"* (no PMA stimulation) (Fig. 1c). LMHOO1 left
in the tubes after IP was shown in Fig. 1d.

LMHO001 was tested for non-specific anti-oxidant effect on Oy~ pro-
duction by xanthine plus xanthine oxidase. Angll-induced COS-phox cell
O,” production was examined in parallel for comparison (Fig. 1e). We
found that when used above 50 uM, LMHO01 started to display a weak
anti-oxidant activity on Oy~ production by xanthine plus xanthine oxi-
dase. However, the IC50 of LMHOO1 to inhibit PMA-induced COS-phox
cell Op” production was 0.24 pM. There was a big gap (>200 times)
between two concentrations.

2.2. Invitro and in vivo tests of LMHOO1 safety and pharmacological
property

The effect of LMHOO01 on leucocyte Oz~ burst response was examined
using freshly isolated mouse PBMC (5 x 10* cells/test). Cells were
challenged acutely with fMIP (10 pM) in the presence of LMHOO1 at the
dose indicated, and were detected immediately for Oy~ production by
lucigenin-chemiluminescence. The IC50 of LMHOO01 to inhibit PBMC
oxidative burst was 1.52 pM. (Fig. 1f). However, the effective dose that
we used for treating Angll-induced hypertension in vivo was 2.5 mg/kg/
day (ip) (see result subsections below) and the calculated highest blood
concentration of LMH001 was <0.01 pM, which was too low to have an
effect on PBMC oxidative burst.

The safety of LMHOO1 on leucocyte function was further tested in
vivo. Mice were injected intraperitoneally (ip) LMHO001 (5 mg/kg/d) for
14 days. Control mice were injected with vehicle. PBMC were isolated
from these mice and tested immediately for their oxidative burst
response to fMLP, or PMA or bacterial lipopolysaccharides (LPS) (Fig. 1g
and h). There was no difference between vehicle and LMHO0O01 treated
mice for their PBMC oxidative response to fMLP, PMA or LPS. In
contrast, PBMC isolated from Nox2KO mice had no oxidative burst
response at all.

LMHO001 used up to 100 pM showed no cytotoxicity to primary
mouse bone marrow hematopoietic cells (BMHC) (Supplementary
Fig. 2a). LMHOO01 (20 pM, 48h) had no cytotoxicity to human hepatic
cells (HPG2), human neutrophils (HL-60), human pulmonary micro-
vascular endothelial cells (HPMEC), human PBMC and rat embryonic
cardiomyocytes (H9C2) (Supplementary Figs. 2b-c). Mouse primary
coronary microvascular endothelial cells (CMEC) cultured with LMHO001
for 14 days showed healthy tubulin stain and morphology (Supple-
mentary Fig. 2d).

Intraperitoneal (ip) injection of LMHO001 (5 mg/kg/d, once) for 14
days showed no toxicity to mice as demonstrated by food and water
intakes, body weight, blood pressure (BP), heart rates, fasting blood
glucose, levels of serum liver alanine aminotransferase, the proliferation
of BMHC and the proportion of CD34 positive cells in BMHC (Supple-
mentary Fig. 3).

Preclinical pharmacokinetic test of LMHOO1 was done in mice by
bolus iv injection (10 mg/kg). LMHOO1 concentrations in the tissues
were detected by HPLC-MS/MS and the results were analysed and
modelled using software Phoenix WinNonlin 8.1. LMHO001 displayed a
short half-life (t;,2 = 0.042 h), rapid serum clearance and good tissue
distribution (CL = 5682.63 mL/h/kg and VD = 343.43 ml/kg) (Table 1).

2.3. Angll-induced endothelial cell ROS production

AnglI is a potent activator of endothelial NADPH oxidase [3,9]. The
efficacy of LMHOO1 inhibiting AnglII-induced endothelial Nox2 activa-
tion and Oy production was examined firstly using primary mouse
CMEC with an IC50 = 73.5 ng/mL (0.25 pM) (Fig. 2a). LMHO001 (10 pM)
demonstrated stronger inhibition on Angll-induced Oy~ production by
CMEC than apocynin (20 pM) or a peptide Nox2 inhibitor, Nox2-ds-tat
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Table 1

Pharmacokinetic characterization of LMHO001.

Parameter Unit NCA (0-30 min)
Co ng/mL 54593.44

Crnax ng/mL 27271.79
AUCp.o ng/mL/h 1759.75

ti/z2 h 0.042

Kel 1/h 16.55

CL mL/h/kg 5682.63

vd mL/kg 343.43

NCA: non-compartmental analysis (R> = 0.9575). Co: extrapolated plasma
concentration at time 0; Cpay: maximum plasma concentration; AUCq.,: Area
under the curve from time 0 extrapolated to infinite time; t; /»: terminal half-life;
Kel: elimination rate constant; CL: plasma clearance; Vd: volume of distribution.

(Nox2tat, 10 uM) [34] (Fig. 2b).

As an independent approach, LMHOO01 inhibition of Angll-induced
endothelial Oy~ production were further examined by DHE fluores-
cence HPLC assay using human pulmonary microvascular endothelial
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cells (HPMEC). LMHO001 (5 pM) inhibited completely the production of
05" (2-HE™) (Fig. 2c, left panel) without significant effect on the pro-
duction of other forms of ROS (E™) (Fig. 2c, right panel), which further
confirmed the specificity of LMHOO01 inhibition on Nox2-derived Oy~
production.

The p47phox is essential for Nox2 enzyme to produce Oy in cells in
response to challenges [1,35]. In order to confirm the effect of LMH001
on reducing Angll-induced endothelial oxidative stress was p47ph°"--
dependent, CMEC were isolated from WT and p47KO mice, stimulated
with Angll in the presence or absence of LMHO001 (5 pM) for 24 h and
examined for Oy~ productions (Fig. 2d). We found that LMHO001
inhibited completely Angll-induced Oy~ production by WT CMEC
without significant effect on O~ production by p47KO cells. O is short
lived and can be quickly converted to HyO,. We also examined the levels
of Hy05 production by WT and p47KO CMEC and found that LMHO001
inhibited completely Angll-induced H202 production by WT CMEC
without significant effect on the levels of HyO, production by p47KO
cells (Fig. 2e).

Nox2 is barely expressed in aortic vascular smooth muscle cells
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Fig. 2. LMHOO01 inhibition of AnglI-induced endothelial cell ROS production. a,b,d: lucigenin-chemiluminescence. a. Dose response of LMHO0O01 inhibition of AngII-
induced Oy~ production by primary mouse coronary microvascular endothelial cells (CMEC). MLU: mean light units. b. Effects of different inhibitors on AngII-
induced Oy~ production by WT CMEC. Results were expressed as % of AnglI values (100%). c. DHE fluorescence HPLC detection of ROS production by human
pulmonary microvascular endothelial cells. 2-HE+ (O57), E+ (other ROS). AUC: area under curve, d. Oy~ production by WT and p47P"°* KO CMEC. e. H,0, pro-
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(VSMC) [36]. In response to AnglI stimulation, VSMC generated exces-
sive ROS, which were mainly from other Noxes or other enzymatic re-
sources [36]. In order to confirm that LMHO0O01 is not a AT1 receptor
antagonist, we tested LMHOO1 effect on Angll-induced ROS production
by aortic VSMC (Supplementary Fig. 4). We found that 24 h of Angll
stimulation induced 2.2 + 0.3-fold increases in HyO» production by
VSMC, which were not inhibited by LMHO001 However, there was a mild
increase in Oy~ production by VSMC in response to AnglI stimulation,
which was inhibited by LMHOO1 treatment.

2.4. Angll-induced hypertension & aortic aneurysm

The effect of LMHOO01 on Angll-induced oxidative stress, hyperten-
sion and aortic inflammation was examined in vivo using male mice (7-
month-old). The littermates of age-matched p47KO mice under the same
experimental conditions were used as controls for Nox2 inhibition. Mice
were infused with AngII (0.8 mg/kg/d, mini-pump) for 14 days and
treated with either LMHOO1 (ip, 2.5 mg/kg/d) or vehicle. The BP was
measured every other day. The BP of WT AnglI group increased rapidly
and reached a stable plateau of 185 + 7 mmHg at day 7 (Fig. 3a, left
panel). However, in the p47KO mice, Angll-infusion only caused a mild
but still significant increase in BP, and this was not affected by LMHO001
treatment (Fig. 3a, middle panel and 3b). LMHOO1 effect on BP was
rapid and reversable. When LMHO001 was stopped in the middle of AngII
infusion, BP started to increase within 24h. When LMHO001 was given
after 7 days of AnglI infusion, the BP went down within 24h (Fig. 3a,
right panel). The statistical significances of LMHO001 effects on AnglII-
induced high BP at day 14 were given in Fig. 3b. Overall, LMHO001
treatment prevented completely AnglII infusion-induced high BP in the
WT mice.

LMHOO01 treatment reduced significantly the number of WT mice
that developed aortic aneurysms after AngIlI infusion as indicated by the
morphological changes of the abdominal aortas and the differences in
maximum diameters of suprarenal aortas (Fig. 3c). There were 8/12
mice with visible aorta aneurysm in WT AngII group, but only 1/12 in
AngIl/LMHO0O01 treatment group (p = 0.009) (Fig. 3c, Supplementary
Table 2).

Angll infusion-induced aorta oxidative stress was demonstrated by
increased levels of Oy~ production detected by superoxide dismutase-
inhibitable cytochrome c reduction assay, and this was inhibited down
to the saline control levels by LMHOO1 treatment (Fig. 3d). Increased
Oy production reduced NO bioavailability and resulted in vessel
constriction. We found that LMHOO1 had no effect on aortic contractile
response to phenylephrine, but reduced significantly Angll-induced
further tension increases suggesting that it was ROS dependent
(Fig. 3e). Acetylcholine through its receptor and Ca’"/calmodulin
pathway increases endothelial NO production by eNOS [37]. We found
that Angll-infusion attenuated significantly endothelium-dependent
aorta relaxation to acetylcholine indicating endothelial dysfunction,
and this was prevented by LMHO01 treatment or by knockout of p47Pho%
(Fig. 3f). Similar results were obtained for aortic ring relaxation to a NO
donor, sodium nitroprusside (SNP) (Fig. 3g).

2.5. Angll-induced multi-organ oxidative stress & aorta damage

Angll-infused WT mice suffered from multiple organ oxidative stress
as shown by increased O~ production in the tissue homogenates of lung,
liver, heart, brain, kidney, spleen, adipose tissue, aorta and bone
marrow hematopoietic cells (Fig. 4a). However, Angll-induced excessive
ROS productions in these major organs were prevented or significantly
inhibited by LMHO01 treatment or by knockout of p47P*. We also
examined the levels of serum nitrite, one of the primary stable and non-
volatile breakdown products of NO (Fig. 4b). We found that the levels of
serum nitrite were reduced remarkably in WT AngII mice, but were well
reserved in LMHOO1 treated WT AnglIl mice. Angll-induced systemic
inflammation was further demonstrated by significant increases (~4-
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folds) in the levels of serum TNFa in WT AnglI mice (Fig. 4c). However,
these Angll-induced inflammatory responses were prevented by
LMHOO01 treatment of WT mice or by knockout of p47Ph°%,

LMHOO1 inhibition of Angll-induced aortic wall oxidative stress in
WT (but not p47KO) mice was further demonstrated in situ by dihy-
droethidium (DHE) fluorescence using aortic sections (Fig 5a). Accom-
panied with the aortic wall oxidative stress, Angll infusion increased
remarkably the thickness of aortic walls and this was worsening in the
presence of aneurysm as demonstrated histologically using transverse
sections of suprarenal aortas (Fig. 5b). However, these pathological
changes were prevented or significantly reduced by LMHOO1 treatment
or by knockout of p47P"°%, Oxidative stress had been reported to play a
key role in matrix metalloproteinase (MMP) activation and aortic
aneurysm formation in both patients [28] and experimental animal
models [3,38]. We found that AnglI infusion upregulated MMP activity
as detected by both in situ zymography (Fig. 5c, left panels) and in gel
zymography (Fig. 5c, right panels). However, these Angll-induced aortic
wall oxidative damages were prevented or significantly inhibited by
LMHO001 treatment or by knockout of p47P%,

Angll-induced oxidative damage to the architecture of the connec-
tive fibres within the aorta wall were demonstrated by the reduction and
breakdown of elastin fibres shown by Verhoeff-Van Gieson staining
(black) (Fig. 6a); a substantial increase in adventitial collagen compo-
nents demonstrated by Massson’s trichrome staining (blue) (Fig. 6b);
and infiltration of CD68 positive leucocytes (red) detected by immu-
nofluorescence (Fig. 6¢). However, these Angll-induced pathological
changes in the aortic walls were prevented or significantly inhibited by
treatment with LMHO01 or by knockout of p47PM°X,

2.6. LMHOO01 inhibition of Angll-induced Nox2 & MAPK activation in
aortic walls

The effects of LMHOO1 treatment on AngllI infusion-induced aortic
wall expression of Nox2, the activation of stress signalling molecule, i.e.,
ERK1/2 and inflammation were examined firstly in situ by immunoflu-
orescence (Fig. 7). AnglI infusion increased significantly the aortic wall
expression of Nox2 (red) mainly in the endothelium and adventitia, and
this was accompanied with an increase in ERK1/2 phosphorylation
(green) (Fig. 7a). Accompanied with increased Nox2 (green) expression,
there was significant infiltration of CD45 positive cells (red) within the
aortic walls (Fig 7b). However, these Angll-induced changes were ab-
sent or significantly inhibited by LMHO0O01 treatment or by knockout of
p 47phox'

The effects of LMHO01 on Angll-induced expression of Nox subunits
and the activation of stress signalling pathways, i.e., MAPKs in the aortic
wall were further examined by Western blots (Fig. 8). In comparison to
control WT aortas, Angll-infusion increased significantly the levels of
expressions of Nox2, p22PM%%, p47PhoX p67PhoX and racl in WT aortas
(Fig. 8a), and these were accompanied by increased phosphorylation of
ERK1/2, p38MAPK, and JNK (Fig. 8b). However, all these AnglI-induced
changes were significantly inhibited by LMHO01 treatment. In p47P°*
KO aortas, the basal (without Angll) expression of p40P'™* was
increased, which might be a compensatory response for the lack of
p47PP% Angll-infusion of p47KO mice increased markedly the expres-
sion of Nox1 and, to a much less extent, the Nox2 expression. However,
there was no significant MAPK activation in response to AngII infusion
in aortas of p47KO mice.

3. Discussion

Nox2-NADPH oxidase mediates many of the known pathophysio-
logical effects of AnglI in the cardiovascular system through the gen-
eration of excessive ROS [39-42]. However, common antioxidant
therapies are not effective clinically, which might be due to the lack of
specificity to inhibit ROS-generating enzymes [43,44]. Here, we re-
ported for the first time that a novel small chemical compound



L.M. Fan et al.

Redox Biology 51 (2022) 102269

a AANgI+LMH d7-14
200, WT 200, P477"KO @Ang! 200 - AAngI+LMH d1-7
180 180 A Angi+LMH

O Control 1801
160 4 160 160 4
guo. 140, guo
120 . 120, 120 J
100 Jeppyp g 100
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Days Days
b c WT Aorta diameters
' ) 0 ctl
1« WT aCtl Control Angll An II+LMH ’ o
240 « ®BAngll 9 9 300 *  mAngll
200 4 .
o % g 200 t
: 160 - t 1000 ==
e e . = -
120 { &2 s Vehicle LWA001
30
o ocsoNo aneurysm
2407 p47°"*KO mm Aneurysm
4
200 - Q:Z VehLMH VehLMH
% 2 104
ol _& = : ¢
1201 52 = g 6
2 4
80 L — g2
Vehicle LMHO001 une Angll
d -
phox| 081 WT p47ph°xK0
) 0.8, WT pd7erexKO -
S 0.06 : ocCtl o AANgI+LMH
B = Angll Bp.4{ ACt-LMH
a c oCt
o 0.04 %
é * CD‘.
g 0.02 o =) =
(=
- _é'_ =3 = == = -
' s 8 T 5 : b
Vehicle LMH001 Vehicle LMH001 PE (oght) PE (dogh!)
f ACh(-loght) ACh(-logh) g SNP(-logh) SNP(-logh)
09&L§§9 g 7.6 % 010987510 . B N 3
pho:
g 20 WT pd7o"xKO s pa7eoxK O
® 40- 40/
g 60" 601
o ®Angll
R 80 {aAngl+LMH 804 e Angll 4
ACt+LMH Joct AAngi+LMH ®Angll
10040t 100Jocti loct

Fig. 3. LMHOO1 inhibition of Angll-induced hypertension, aortic aneurysm and aorta dysfunction in mice. a. LMHOO1 inhibition of AnglI-induced blood
pressure (BP) increases. Right panel: LMHO001 (LMH) was given at day 7-14 (a) or given at day 1-7 (A) of AnglI infusion. b. BP after 14 days of AngII infusion. c.
Aortic aneurysm (indicated by white arrows). Right upper panel: Maximum suprarenal aorta diameters. Right lower panel: Statistical analysis of aortic aneurysm
incidences. *p = 0.009 by Fisher’s exact test. d. Aorta O, production detected by superoxide dismutase-inhibitable cytochrome c reduction assay. e-g. Aortic ring
organ bath. e. Constriction to phenylephrine (PE). f. Relaxation to acetylcholine (Ach). g. Relaxation to an NO donor, sodium nitroprusside (SNP). b, ¢ (right upper
panel) and d *P < 0.01 for indicated values versus vehicle (Veh) control (Ctl) values. 1P < 0.01 for LMHO01 values versus vehicle AnglI values. n = 12 mice/group.




L.M. Fan et al.

Redox Biology 51 (2022) 102269

a
__ 400, « Lung 2%, . Liver 400 Heart
% 200 L = Control 200 % I | =
; o g ANl ey % « i
O 200- - - 200 N
: - L mé ma == - Ea : é
;5"'3'3‘@ = éié o 50 E 10013 = éié
> : 0 : 0 :
5 9 . Brain  *®] Kidney * Spleen
* y. 4
% 200- 3001 "3
® - t 1201 L
R AL S
3] . ' -— % |
oS oEaeTom & 2T . ;
o St ity it i R &
250 - Adipose tissue 00+ , Aorta 500 1 Bone marrow cells
B T >
£ 200 001
I % 1 * 400 L - =
o™ - == : - :
Q | ' x |
%mq@ ET:% 200 ! il ] K
: ; L LEET al= ==
Ea — —— : — ' :-ﬁ—_ﬁ_‘—*—-ﬂ'—_
Vehicle LMH001' p47KO % Vehicle LMH001" pd7KO Vehicle LMH001' p47KO

WT

o

1507 WT pd7emexK O
0 Control
= Angll
100

P T

Vehicle LMH001

=5
w%é =

\.;ehlcfe LMH061

Serum nitrite (pmol)

WT

WT

1

= _ =
\}ehlc]e LMH061

o
(o]
(=3
o

WT pd 7K O

o Control
m Angll

o
o
o

Serum TNFa (pg/ml)
N o~
o o
o o

- e = o
V'ehicl'e Lf\/lHOd1

Fig. 4. LMHOO01 inhibition of AngIl-induced multiple organ oxidative stress and inflammation. a. O, production detected by lucigenin-chemiluminescence in
tissue homogenates of lungs, livers, hearts, brains, kidneys, spleens, adipose tissues, aortas and bone marrow cells. b. Levels of serum nitrite as a measure of NO
production detected by Griess assay. c¢. Serum TNFa levels measured by ELISA. *P < 0.05 for indicated values versus vehicle control values in the same category
labelled underneath. {P < 0.05 for indicated values versus AngII vehicle values. n = 12 mice/group.

(LMHO001), by inhibiting phosphorylated p47°"°* interaction with
p22P"°% inhibited with high efficiency the excess ROS generation by
endothelial cells that protected mice from multiple organ oxidative
stress, inflammation and prevented the development of hypertension
and aortic aneurysm in response to AnglII infusion.

LMHO01 is a very small chemical compound but showed stronger
inhibition on Angll-induced endothelial ROS production in comparison
to other current available chemical Nox2 inhibitors such as apocynin.
When used at an effective dose for treating vascular oxidative stress,
LMHO001 displayed no significant effect on leucocyte function in
response to pathogen challenges. In contrast, peripheral leukocytes or
bone marrow hematopoietic cells isolated from p47KO or Nox2KO mice
had no O, response at all. We believe the difference in LMHOO1 effects

between endothelial Nox2 and neutrophil Nox2 depended on the nature
of the disease and the concentration of LMHOO1 used in the system.
Angll-induced endothelial oxidative stress and dysfunction is a chronic
process. However, pathogen-induced neutrophil oxidative burst in-
volves large scale (>100 times more than in the vascular system) of
Nox2 enzyme activation in seconds [8]. There is a large gap (therapeutic
window) for LMHOO1 to be used at a small dose to treat vascular
oxidative stress. The calculated serum concentration of LMHOO1 used in
this study for treating Angll-induced vascular oxidative stress and hy-
pertension was <0.01 pM, that was far too low to affect leucocyte
oxidative burst.

Hypertension poses high risk for myocardial infarction, heart failure,
stroke and renal diseases [45]. LMHO001 displayed an excellent
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anti-hypertensive effect, which is mainly due to its inhibition on
Nox2-derived ROS production by endothelial cells. Our study was
properly controlled using WT versus p47KO mice under the same
experimental settings. Angll-infusion of p47KO mice resulted in a
moderate but significant increase in BP, which was not prevented by

10

LMHO001. LMHO01 anti-hypertensive effect was not due to off-target
blockage of AT1 receptor because Angll-induced aortic smooth muscle
H0, production was not affect by LMHOO01. However, it is important to
note that this is only the first report and follow-up studies are needed to
fully address the mechanisms of LMHO0O01 on reducing vascular oxidative
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stress and hypertension.

Angiotensin-converting enzyme inhibitors (ACE-I) and AT1 receptor
blockers are widely used as anti-hypertensive drugs to improve out-
comes in patients with heart failure, diabetes mellitus, and myocardial
infarction [46]. However, ACE-I can have significant non AngIl
side-effects of ACE inhibition such as cough, angioedema and hyper-
kalaemia [46-48]. AT1 receptor blockers share the same limitations as

11

ACE-I namely hyperkalaemia and high discontinuation in patients with
chronic kidney disease who often have difficulty controlling hyperten-
sion despite multiple drug therapy [46-48]. LMHO0O01, by inhibiting
oxidative stress, represents a safe and effective complementary candi-
date for treating hypertension in addition to the current drug therapy to
improve patient clinical outcomes.

Aortic dissection and aneurysm are serious medical conditions with
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high mortality, and effective pharmacological treatment is still lacking.
Recent studies have demonstrated an important role for endothelial
Nox2 in aortic dissection and aneurysm formation that transgenic mice
with endothelial specific overexpression of Nox2 increased the suscep-
tibility to Angll-induced aorta dissection [3] and deletion of pa7Phox
could prevent Angll-induced aortic aneurysm [9]. Our mice used in this
study were 7-month-old, which were more susceptible to Angll-induced
vascular damage than mice at younger ages. Here we showed that
LMHOO01 treatment inhibited Angll-induced endothelial oxidative stress
and preserved endothelial function. Functional endothelium prevented
leucocyte infiltration, protected aorta wall from Angll-induced oxidative
damage, and reduced the incidence of aortic aneurysm.

In conclusion, we have reported in the current study that a novel
small chemical compound, LMHO001, by blocking phosphorylated
p47°2%% binding to p22PP°%, inhibited Angll-induced Nox2-derived
oxidative stress in endothelial cells with high efficiency and safety.
Using an animal model of Angll-induced hypertension and aortic
aneurysm, we showed that LMHOO1 used at a small dose (ip, 2.5 mg/kg/
d) prevented Angll-induced multiple organ oxidative stress, inflamma-
tion; hypertension and reduced incidence of aortic aneurysm in mice.

12

LMHOO01 has the potential to be developed as a new class of drug therapy
for oxidative stress-related cardiovascular diseases.

Founding

This work was supported by the British Heart Foundation (grant
number: PG/14/85/31161).

Author contributions

LMF: data acquisition and drafting the manuscript. FL: data acqui-
sition and analysis. JD: data acquisition and analysis; LG: data acquisi-
tion and analysis; JML: study direction and critical review of the
manuscript.

Data availability

Research material sources and all data that support the findings of
this study are provided within this paper.



L.M. Fan et al.

pa7eRex
Nox2
p22ehox
pagenex
po7ehex
rac1

Nox1

Nox4

p-ERK1/2

WT

Vehicle LMHO001

pd7KO

—— 2
'q_-‘ —

cr - b oo

e

— — ’k - 25
| -

- -5

[ np— )

a-tubulin I—..- I—-— -
Ctl Angll Ctl Angll Ctl Angll

_WI

Vehicle LMH001 p47TKO kD:

50
_—,—— — | | = — -

T-ERK1/2
P-p38MAPK
T-p38MAPK

p-JNK

TJNK

S —

25

25
e [ ——)
— s — | | — —
Ctl Angll Ctl Angll Ctl Angll

Redox Biology 51 (2022) 102269

n parehox Nox2
= ' w Control
I I T 3 ino
é‘zi T 1 E 20 T E i
s = é: 10{ & % - .
o —— 0 -
©)  pazex pAOshe
¥ é E 2 :
€2 ] '
T | )
e aiiet letosE
0 — 0 v R
x . po7Rhex % rac1,
= s
ol oEo B olg o R
0 ! 0 !
2 No>f1 x B Nox4.
5" Nk :
(=] [=p 2 mé-éiﬁi

s P-p3BMAPK '

+ 0
Veh LMH p47KO

'
1

Veh LMH pd7KO

WT WT
P-ERK1/2
15 . : 0 Control
' = Angll
0 é y ]

1o oez®

Fo=

Veh LMH p47KO
WT

Veh LMH p47KO
WT
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