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1. Introduction and literaturereview

Cardiovascular morbidity is the leading cause @tdéoth in developed
and developing countries, they are responsiblalfmut 30% of the overall death
rate. According to the World Health Organizatidi,3 million people died from
cardiovascular disease in 2008 and this numberrealth 23.3 million for 2030.

Inhibiting the renin-angiotensin-aldosterone sys{&AAS) proves to be
a successful treatment option in most cardiovascu&eases including
hypertension, systolic heart failure, acute corgnayndrome and peripheral
arterial disease. This suggests that RAAS playsimportant role in the
development and progression of cardiovascular seseaThe most commonly
prescribed member of the RAAS family is the grodpA€E-inhibitors. ACE-
inhibitors may reduce cardiovascular mortality biynast 40% reflecting the
distinguished role of ACE among RAAS components.

Beside the well-known treatment success of ACEbibis, the
endogenous regulation of ACE and the presence senale of endogenous ACE-

inhibitors are less revealed.

Therenin-angiotensin-aldoster one system

Renin, which is secreted by the granular cellefrenal juxtaglomerular
apparatus, gives rise to angiotensin | by cleagiig-aminoacide peptide from the
N-terminal site of th@2-globulin angiotensinogen produced in the livéhe most
important renin enhancers are decreased kidnewsen, decreased sodium-
chloride concentration in the tubules and increasgdpathetic nervous activity of
the juxtaglomerular apparatus. ACE cleaves 2 ammaids from the C-terminal site
of the inactive angiotensin | thereby forming aneiin Il (consisting 8-amino
acids), the most important effector molecule of R#®AS. Angiotensin Il acts on
AT1 and AT2 receptors. The AT1 receptor mediatesidgtion of aldosterone and
vasopressin secretion, vasoconstriction, provokestt enhances fibrosis, cell

growth and migration, etc. AT2 receptor effects ar@nly controversial to AT1



mediated effects: angiotensin Il induces vasoditgtiriggers NO-production and
inhibits cell growth. By means of aminopeptidaseafgiotensin 1l is catabolized
into angiotensin 1ll, which possesses similar dffdaut significantly shorter half-
life. Angiotensin Il is converted into angiotendi by aminopeptidase M, this

molecule has less important biological effects.

The angiotensin converting enzyme

The zinc endopeptidase angiotensin converting eez{aCE, CD143) is
a key molecule of the RAAS, which catabolizes atggisin | to angiotensin Il
conversion by hydrolyzing a 2-amino-acid peptidenfrthe C-terminal site of
angiotensin I.

Two ACE isoforms are explored. The somatic ACE (tmger isoform,
150-180 kDa), which is present in several tissusduding the surface of
endothelial cells, the cardiovascular system, tiendys and the liver, etc.
Concerning its structure, it contains a short @ateal cytoplasmic domain
followed by a hydophobic transmembrane domain, Wwheémsures appropriate
anchoring of ACE to the cell surface. The huge gliyed globular domain
containing catalytic centers is situated outside ¢kll. The somatic ACE has 2
active centers. Although the amino acid sequentdbeotwo active centers are
identical (HEMGH), they have partially different aracteristics and substrate
specificity. The C-terminal active center more ddesably depends on the
presence of Clions and is less heat stabile compared to the glgoesylated N-
terminal active center. Both active centers hydrel bradykinin with similar
effectiveness, while angiotensin cleavage is mdfiective in the C-terminal site.
ACE secretase cleaves ACE on the extracellulargfatie transmembrane region
hereby ensuring its secretion into the circulation.

Testicular or germinal ACE is expressed only intiénsicle (95-105 kDa)
and possesses one active center. Significantlyedsed fertility of ACE-knockout

mice highlights to the importance of ACE in reprotion.



The amount of circulating ACE shows significanteirstubject variability
as a consequence of ACE insertion/deletion (I/Dymorphism. This means the
insertion or deletion of a 287 base pair non-codapetitive sequence in intron 16
of the ACE gene. A higher concentration of circmgtACE can be detected in the
serum of subjects expressing allele D in cont@stase expressing allele | due to
the 1/D polymorphism.

ACE inhibitors

ACE inhibitors are widely used to treat severasedses including
hypertension, cardiac insufficiency and diabetiphtepathy. This is the fifth most
frequently ordered group of drugs in the Unitedt&ta different type of ACE
inhibitors were prescribed in 162,8 cases in 2009.

A substance with ACE inhibitor effect was first idiéied in 1965 by
Ferreira in the toxin from vipera Bothrops jarafteprotid). The first stable ACE
inhibitor captopril was innovated by 1975 and waltofved by several newer types
in patient care. According to the chemical struetaf their moiety they can be
classified into 3 groups: (a) sulfhydril-containidgugs (captopril, zofenopril), (b)
phosphinyl-containing drugs (enalapril, ramiprierimdopril, lisinopril, etc.), (c)
carboxyl-containing drugs (fosinopril). Captopritdalisinopril are active agents,
the other types are pro-drugs, which are metatliz® active agents by the liver.
Effectiveness of ACE inhibitors has been provedémeral clinical studies, which
confirmed that ACE inhibitors decrease cardiovascuhortality and the risk for
nonfatal myocardial infarct and sudden cardiac sarie stable coronary artery
disease. They improve the prognosis and the 5-weekality after myocardial
infarct, decrease left ventricular remodeling, deede development of
hypertension, decrease left ventricular mass indexhypertrophy, decrease
albuminuria and the risk for diabetic nephropathyype 2 diabetes.

Beyond their advantages, ACE inhibitors have siffece of variable

extent, which can be also serious in some casesir Thost common and



unfavourable side effects are coughing, angioedéancke-edema) and renal

impairment.

Natural ACE inhibitor substances

The first ACE inhibitor was isolated from the toyafi a viper, but this is
not the only natural substance which influencesi@agsin | to angiotensin I
conversion. Numerous ACE inhibitory peptides dedifeom food proteins were
identified in the last two decades but their claticnportance is still unrevealed.
The ACE inhibitory effect of casein from milk and many whey proteins has
been demonstrated. Lactokinin and casokinin hawn hgroved to lower blood
pressure in spontaneously hypertensive rats arithsigffects were seen in human
clinical trials.

Beside their antioxidant and antibacterial activilyCE inhibitory effect
of thyme honey and chestnut honey has been obsbyw8ganish researchers.

Oligopeptides and polipeptides possessing ACE itdripeffect has been
derived from several marine animals. These peptiday also originate from
digested food but their absorption, and getting ihie circulation still remains to
be proved.

Endogenous ACE inhibition

The existence of endogenous ACE inhibitory mectmsisvas already
raised in 1979. At that time, researchers founahhibitor with a molecular weight
less than 10 kDa in the serum and urine of humaimeg@ pig and rat but they did
not succeed in identifying this inhibitory molecule

In the same year, Klauser et al described the A@hbitory effect of
human serum albumin and acetil-tryptophane (cor$erv agent) in a
commercially available plasma preparation. Thewldsthed that the C-fragment
of albumin, located between amino acids 124 and &@&ts a significantly greater

inhibitory effect compared to the whole protein.



Snyder et al defined the substrate analog des-L-aofdtensin | as
endogenous ACE inhibitor in 1986. This peptide inates from angiotensin | in
thrombocytes and mast cells by carboxipeptidasedikzyme activity and acts as a
competitive antagonist of angiotensin I. Accordiagheir theory, this peptide may
play a role in the regulation of angiotensin | tatad local vascular effects.

In 1986, Lieberman et al found an inhibitor withnaolecular weight
higher than 50 kDa in the human serum, which hiediéhe measurement of ACE
inhibition in people with sarcoidosis. Identificai of the inhibitor was
unsuccessful but the inhibitory effect proved torbeersible. Therefore, serum
samples were suggested to be diluted 8 timesnuorelie the confounding factor.

The N-terminal fragment of substance P was dematestrto possess
ACE inhibitory effect by Rogerson et al in 1989.

In 1989, Ikemoto et al examined rat hearts whemdoa sulfhydryl
protein that competitively inhibited ACE activitfthe molecular weight of the
protein was less than 10 kDa and its effect coeldniibited by sulthydryl group
blocking agents. Altough the identification of thelecule was not successful, it
was thought to play a role in the regulation of AGialyzed processes of the rat
heart.

Researchers tried to prove the existence of endageACE inhibitors
still in 1990s. Brecher et al published data akwd ACE inhibitors in rats, a
smaller and a larger protein with reversible intdbi effect. Still in 1996,
Davidson et al identified the C-type natriureticpppde as an endogenous ACE
inhibitor peptide. Thevananther et al isolated apraximately 14 kDa protein
showing ACE inhibitory effect from the human serbynaffinity chromatography.

Although researchers have tried several times tmtify endogenous
ACE inhibitors in the last decades, there is atillconsensus on their existence and
significant biological effects. Moreover, endogesathibitory effect is considered

to be of negligible importance beside the expressifect of ACE inhibitors.



2. Aims

The aims of my scientific research were the follogs:

e to validate our method for ACE-activity measuringaist the physiological
substrate of ACE,

» to detect and endogenous ACE inhibitor in the serum

» to identify the endogenous ACE inhibitor,

» to describe endogenous ACE inhibition with biocheahmethods,

» and to explore the vascular effects of the endoge®«€E inhibitor.



3. Materials and methods
3.1 Blood sample collection, serum isolation

Blood samples were collected from volunteers bygisi standard aseptic
technique. Native blood was incubated for 60 miswteroom temperature, serum
fractions (separated by centrifugation at 1500rglf® min) were stored at -20 °C

until further experiments.

3.2 ACE activity measurement using spectr ophotometric assay

The basis of the ACE activity measurement was waity described by
Beneteau et al and modified by us. This methodaged on the change in optical
density at 340 nm after the artificial substratePlBG (N-[3-(2-furyl)acryloyl]-L-
phenylalanylglycylglycine) is cleaved by serum ACHEhe activity measurements
were performed in 96-well plates at 37°C, and thenges in optical density at 340
nm were measured at 5-min interval for at leastn0 with a NovoStar plate
reader. Blank corrected optical density values vpéoted as a function of reaction
time and fitted by linear regression. The measurgraad the goodness of fitting
were accepted, whefiwas >0.90. ACE activity was calculated by the ¢igua
activity = (S/k)*D,
where S is the rate of observed decrease in omgtazadity (1/min), k is the change
in optical density upon the complete cleavage afribl of FAPGG, and D is the
dilution of the serum. ACE activity is given in tsmiwhere 1 U is equivalent to the

cleavage of umol of FAPGG in 1 min.

3.3 M easurement of domain specific ACE activity

Domain specific ACE activity was measured as odtijndescribed by
Carmona et al. Quenched fluorescent peptide stbstravere used, Abz-
SDK(Dnp)P-OH is highly specific for N domain actigge, Abz-LFK(Dnp)-OH
for C domain active site and Abz-FRK(Dnp)P-OH candieaved by both active

sites. Measurements were performed in black, 96plaes at 37 °Ce, was 340



nm, Aem Was 405 nm. Changes in fluorescence intensitiee weasured at 4-min
intervals in case of domain specific substratesafdeast 90 min, and at 1.5-min
intervals in case of Abz-FRK(Dnp)P-OH substrate &rleast 30 min with a
NovoStar plate reader. Fluorescence intensity galuere plotted as a function of
reaction time and fitted by a linear regressione Tihand the data were accepted
whenr? was > 0.95. ACE activity was calculated via thaapn:

activity=(Sk)*D,

where S is the rate of observed increase in fluorescemngity (1/min),k is the
change in fluorescence intensity upon the compldémvage of 1 pmol of
fluorescent substrate, amdis the dilution of the sample. ACE activity is given
units where 1 U is equivalent to the cleavage piriol of fluorescent substrate in

1 min.

3.4 Direct measurement of ACE-catalyzed angiotensin | conversion

Serum samples containing angiotensin | in HEPE$bufere incubated
at 37°C. 5 mM EDTA was added to stop the reacthomgiotensin peptides were
measured after filtering through a filter with a RDa pore size. HPLC analysis
was performed with a HPLC technique on a reverss@hCl8 column.
Angiotensin peptides were separated by using atiorlyprofile with a gradient
from 22% acetonitrile to 55% acetonitrile. They watetected by a diode array
detector at 230 nm and the area under the cureadi angiotensin peptide peek
was compared with calibration curves recorded wthen purified peptide was
tested. The amounts of angiotensin peptides wartepl against the reaction time
and fitted by linear regression. The kinetics ofjiatensin | conversion was
multiplied by the dilution of the sera and givenumol angiotensin | cleavage in 1

L of serum in 1 min.

3.5 M easur ement of serum ACE concentration



Serum ACE concentration was measured by a comnhdrgiaan ACE
ELISA development kit (R&D Systems) according toe thmanufacturer’s
instructions, with minor modifications. Enzyme-latkimmunosorbent plates were
coated with 80 ng/well capture antibody, and theaing binding sites were then
blocked with reagent diluent (10 mg/mL bovine serallumin solution). Diluted
sera were added to the wells, and the antibodg@mtcomplexes were labeled
with a biotinylated detection antibody. Streptamidonjugated horseradish-
peroxidase was added to the wells. Finally, the wrt® of complexes were
detected with a substrate solution containing teg¢thylbenzidine. The reaction
was terminated after 20 min by the addition of H&ld the optical density was

measured at 450 nm. ACE concentration was calaulatean ACE standard curve.

3.6 Fractionation of human sera

Serum samples from a healthy volunteer were ulieadid through
ultrafiltration devices with a pore size of 50 dd0lkDa. One volume of initial
serum sample was diluted to 250-fold, then dilutseflum samples were
ultrafiltered until the retained volumes reached thitial volumes of the serum
samples (1 volume). ACE concentrations of an ihisarum sample and the
retained sample were compared to evaluate the tatlss (or enrichment) of the
sample. No difference was found between the ACEcewoimation in the initial

sample and in the retained fraction after filtratio

3.7 M easurement of human serum albumin concentration

Human serum albumin concentration was measured kitmocresol
green diagnostic reagent according to the manufadsuinstructions. 1@l serum
sample was added to 1 mL bromocresol green reagehthe absorbance of the
mixture was measured at 546 nm against reagenk lifaa spectrophotometer
using disposable cuvettes. HSA concentration wisilzdied via the equation:

HSA concentration= (AmpIJAstandara*Cstandarei



where A is the absorbance of mixture at 546 ng.daqiS the HSA concentration

of a diagnostic standard.

3.8 Properties of human serum albumin (HSA)

In some experiments, the ACE activity was measiumetthe presence of
human serum albumin. The purity of the HSA prepanatvas tested by SDS-
PAGE and mass spectrometry. Both assays showeghdy tgurified HSA. HSA
was also tested for absorbed small molecular weddBE inhibitors. HSA was
diluted and filtered through 15 cycles with a meant® having a pore size of 5

kDa. The efficacy of remained the same compardheadnitial sample.

3.9 Isometric contractile force measurement on human saphenous vein
segments

Saphenous veins (remained from coronary artery dsygmaft surgery)
were cut into circular segments. Rings were therunterl on a dual wire
myograph system. Vein segments were stretched abN%nd incubated under
isometric conditions for 60 min at 37 °C. The vlapiof the mounted vascular
rings was tested with KCI and norepinephrine. Theunted veins were then
washed. The vascular contractile function was testith 1 uM angiotensin | and
Il in the presence or absence of 20 mg/mL HSA.h&t ¢nd of the measurement,
the norepinephrine and KCI treatments were repeatethe presence of the
angiotensin peptides to confirm the viability oétlascular rings. HSA was also

applied together with captopril in some cases.

3.10 Expression and purification of recombinant ACE

Recombinant ACE was produced with a Bac-to-Bac TGiPression
system according to the manufacturer’s instructighshemically competent E.
coli strain was transformed with an ACE gene caritgi cCDNA plasmid. After

antibiotic selection and plasmid isolation, the §tBac construct containing the



ACE coding sequence was transformed into DH10Bampetent E. coli to
generate recombinant bacmid. The bacmid DNA wasstegted into the SF9
insect cell line, in which baculovirus was genedateurther SF9 insect cells were
infected with these bacoluviruses. On day 4, tlsedhcells were centrifuged and
the pellets were washed in PBS to remove the oéilire medium. The pellet was
then homogenized in radioimmunoprecipitation asdayffer by sonication
(Bandelin Electronic). The supernatant was collbttg centrifugation and injected
onto an anion-exchange column. The ACE was elutiéld avgradually increasing
concentration of NaCl (from 168 mM to 540 mM, hadh ACE activity was
measured in each collected fractions and fractisitls at least 50 U/L activity
(determined by FAPGG hydrolysis, hatched) were daath No differences were
noted in ACE inhibition by captopril (activity wadetermined by FAPGG

hydrolysis) when endogenous and recombinant ACE weed.

3.11 Detection of the molecular interactions of human ACE

Molecular interactions were stabilized by heterobiftional crosslinkers
and the ACE and the crosslinked proteins were ih@munoprecipitated (with
biotinylated goat anti-human ACE antibody) The inmoprecipitated complexes
were then prepared for SDS-PAGE and ACE was deteuith the same goat anti-
human ACE antibody. The molecular interaction bemveurified human serum
ACE (>100 kDa serum fraction) and HSA was alsoetsT he interaction between
ACE and HSA was further tested on ELISA plates. H§&atin or ACE antibody
were added to the wells and the wells were incubaternight with crosslinkers.
After the addition of recombinant ACE, we detectied immobilized HSA-linked
ACE.

3.12 Direct measurement of ACE-catalyzed bradykinin cleavage
Recombinant ACE was incubated with bradykinin ire tAbsence or
presence of HSA at 37°C. EDTA was added to stopréaetion. Bradykinin



peptides were measured after filtering throughltarfiwith a 10 kDa pore size.
Analysis was performed with a HPLC technique omerse-phase C18 column.
Bradykinin peptides were separated by using anoglyprofile with a gradient

from 18% acetonitrile to 44.2% acetonitrile. Theearunder the curve of each
bradykinin peptide peek was compared with calibraturves recorded when the
purified peptide was tested. The amounts of bradgkpeptides were plotted
against the reaction time and fitted by linear esgion. The kinetics of bradykinin
cleavage was normalized to the background (recaanbirACE plus 1 pM

captopril), and compared to vehicle (recombinanEA@thout HSA).

3.13 Ethical approval

All of the studies were approved by the Regional arstitutional Ethics
Committee, Medical and Health Science Center, Ugitye of Debrecen,
(UDMHSC REC/IEC number: 2894-2008) and by the MaliResearch Council

of Hungary. All of the individuals involved gaveeih written informed consent.

3.14 Statistical analysis
Statistical analysis was performed with Graphpadn®r5.0 (GraphPad
Software) by paired and unpaired t-tests. Diffeesnavere considered to be

significant wherp<0.05.



4. Results
4.1 Detection of the endogenous ACE inhibitor

Serum ACE activity was significantly affected byudion, i.e. specific
ACE activity increases by the degree of dilutiom.contrast, no such effects of
dilution were found on the purified tissue ACE wuityi. These data suggest that
ACE activity is modulated by additional factors ides the ACE itself in the
human serum. We hypothesized that an endogenoassiiele inhibitor is present
in the human sera. According to this hypothesistidogenous reversible inhibitor
dissociates from the ACE at high dilutions, resgtin an apparent increase in

specific activity.

4.2 Validation of the ACE activity measur ement

The cleavage of the artificial substrate FAPGG lymhn sera was
compared with the conversion of the physiologicddstrate angiotensinih vitro,
in separate sets of experiments. ACE activity aeirged by FAPGG cleavage was
directly proportional to angiotensin | to angiotens, albeit FAPGG cleavage was
about 30-fold faster and easier to measure.

The specificity of FAPGG hydrolysis was also testwidh a set of
protease inhibitors. Protease inhibitors did nee@fFAPGG conversion by human
serum. On the other hand, 1 UM captopril (an AGHhitor) successfully inhibited
FAPGG conversion.

The increase in specific ACE activity upon dilutiovas tested under
different assay conditions. Increase in specifitvdg was present at physiological
pH and Cl-concentrations and specific ACE activilgs not affected by the buffer

concentration.

4.3 Description of the endogenous ACE inhibition
Efforts were made to prove the presence of the gemlmus inhibiting
factor. Serum samples were filtered through ultefidevices with different pore



sizes. No effect was observed when proteins with kiBa molecular masses were
removed, while depletion of proteins with molecufaasses <100 kDa from the
human serum resulted in significantly elevated A@ERivities, without the
apparent gradual increase in ACE activity seen uplution in the original serum
samples.

A Lineweaver-Burk plot was designed showing contpeti ACE
inhibition by captopril, while the inhibition wasdind to be non-competitive in the
presence of the serum fraction.

Captopril had higher efficacy on recombinant ACEabaing angiotensin
| to angiotensin Il conversion than human serumtaiomg the endogenous
inhibitor measured by HPLC, while no inhibitory &ft was detected in the case of
serum proteins below 50 kDa. The same was notedFARGG hydrolysis.
Moreover, inhibitory effect of captopril was noffedted by <50 kDa or 50-100
kDa serum fractions.

Serum ACE has two catalytically active domains. Wgagion of specific
fluorescent substrates for these active sites hkedahat captopril have the same
potency and efficacy on both active, while the egedmus serum inhibitor had
higher potency on the C-terminal active site thaat is for the N-terminal active
site. Interestingly, the hydrolysis of the fluorest substrate, which is non-specific
for the catalytic sites, was identical than that fbe N-terminal site specific
substrate in this latter case. Recombinant ACE wk® inhibited by the
endogenous serum inhibitor and captopril, when omeas by the fluorescent
substrate, similarly to the angiotensin | and FAPIB@rolysis, suggesting that the
ACE inhibition by the 50-100 kDa endogenous seruahihitor is not a substrate
specific feature. On the other hand, the serumtifmaccontaining all of the
components below 50 kDa (fraction <50 kDa) was magaithout effects on
recombinant ACE activity on the fluorescent sulistriydrolysis, similarly to

angiotensin | and FAPGG hydrolysis.



These data suggested that ACE is inhibited by sepravith an apparent
molecular mass of 50-100 kDa in human serum. It wesded whether this
inhibition is species dependent or an evolutionaonserved general feature.
Normal serum samples from mouse, bovine, goat amkey were tested and
compared to human. Serum ACE activities were siganitly different in these
species. Nonetheless, specific ACE activities §icanitly increased upon dilution

in each species.

4.4 |dentification of the endogenous ACE inhibitor and its effects on serum
ACE

The interaction of ACE with its suspected endogsnmhibitor was
stabilized by crosslinkers. ACE-containing compkexsere then identified by
immunoprecipitation and then by using an ACE-spec#ntibody in Western
blotting. Besides the 180 kDa band indicative eEfIACE, an extra band appeared
in the crosslinked samples, with an apparent mtdeauass of about 250 kDa.
The size of the crosslinked product (about 250 kf2ejgested that the interaction
partner is about 70 kDa. The most abundant plaagtbtein with that molecular
mass is the human serum albumin (HSA, 66 kDa). higmothesized interaction
(between ACE and HSA) was directly tested with fiedi ACE and HSA by the
same crosslinking technique. The 250 kDa adduct again observed and
positively stained by both anti-ACE and anti-HSAibadies in Western blot. The
interaction between HSA and ACE was further condidnby ELISA.

Potential inhibitory effect of HSA was tested onambinant and partially
purified ACE from the human sera. Separation ofAli&E from the HSA in human
sera resulted in an increase in ACE activity.

HSA also inhibited recombinant human ACE and pbytiaurified serum
ACE activities directly, with half maximal inhibitg concentrations (I§) of 9.5

and 5.7mg/mL, respectively.



A common clinical side effect of ACE inhibitory tfapy is coughing as a
result of elevated bradykinin levels. Effects of A@/mL HSA were tested on
bradykinin hydrolysis by recombinant ACE. HSA onlyartially inhibited
bradykinin breakdown.

ACE has two catalytically active sites, which hasightly different
substrate specificities. Effects of HSA were tested these sites by specific
fluorescent substrates. It was found that HSA hdsigher affinity for the C-

terminal active site than for the N-terminal actsite.

4.5 The effect of HSA on the angiotensin-catalyzed vascular responses

ACE inhibition by HSA was tested on tissheund endogenous ACE in
human vascular preparations (saphenous vein). Agrggm | or angiotensin Il was
applied in the absence or in the presence of 20ningASA. There were no
significant differences in constrictions to angimdi | and Il in the absence of
HAS. Angiotensin | mediated contractions decreasdtle presence of HSA while
angiotensin Il evoked contractions were not affécteddition of captopril to 20
mg/mL HSA did not affect vascular constriction togatensin | compared to HSA
alone.

These transient angiotensin responses were inagstign detail. Several
parameters of the contractile response were datedniin each and every
individual trace, including the kinetics of the etmiction, duration of the half
maximal contraction, kinetics of desensitizatiord ahe level of desensitization
besides to the maximal constriction described leef@he kinetics of constriction
was about 3-fold slower in the presence of HSA tihats absence. In contrast, the
presence of HSA had no significant effect on theekics of desensitization, the
duration of the half-maximal contraction or thedkwaf steady-state desensitization
in response to angiotensin | treatment. HSA disgdago significant effect on the

angiotensin ll-evoked responses.



4.6 Dilution of serum is an appropriate technique for the judgement of ACE
inhibitor therapy

Upon dilution of the serum, the endogenous inhibt8A dissociates
from ACE, which retrieves its activity. Both thefexft of the endogenous inhibitor
and the drug can be observed in patients on ACkbitoh therapy. In these
patients, a high level of dilution results in thesibciation of both the HSA and the
drug molecules, herewith ACE regains its activi®pecific activity of the highly
diluted serum sample indicates individually the m@at ACE activity, while the
activity of the concentrated serum indicates thbibited ACE activity. The
difference between the maximal and the inhibitetivaig values reflects the
degree of ACE inhibition. Our method was also tstethe clinical practice. 502
subjects with hypertension were enrolled in thegt384 received ACE inhibitor
therapy. Blood pressures were under the targeevaid/90 mmHg in the study
population. The degree of ACE inhibition was meaduiindividually. The
inhibited activity values of some of the patients ACE inhibitor therapy was
similar to that of the control group (n=66). ACHibition was insufficient in these
patients and had significantly higher blood pressudues. These 66 patients were
recalled for a second visit and asked to take th@dicine according to the
instruction of their treating physician. Of the @@tients, 30 patients did not
present on the second visit, in 11 patients we doan adequate level of ACE
inhibition, and in 6 patients the treating physicardered therapy intensification
on account of the persisting low level of inhibitioDose adjustment in these 6
patients resulted in adequate therapy effect. 1iénga did not take their medicine
because of coughing as a side effect (they chafge@nother type of blood
pressure lowering drugs), 2 patients refused te taky kind of medicine. A
significant decrease was observed in the bloodspresvalues of those 17 patients,
in whose serum samples we detected an adequateofendibition on the second

visit after therapy intensification.



5. Discussion

The degree of ACE activity remarkably depends an l#vel of serum
dilution applied for the measurement. The higherlével of dilution is, the higher
the value of specific activity is. This phenomenisnnot observed concerning
purified ACE, which can be explained by suboptimgberimental circumstances
or the inhibited state of ACE in concentrated sersamples owing to the
endogenous reversible inhibitor (inhibition ceasedy for higher degrees of
dilution).

The speed of FAPGG hydrolysis (artificial ACE subtt) is directly
proportional to that of the natural ACE substrargjotensin |) at different levels
of dilution. Our method for enzyme activity measgriis specific for ACE, when
tested with different kind of peptidase inhibitonly captopril inhibited the
hydrolysis of ACE. For enzyme activity measuring, vitro circumstances are
different from in vivo, therefore we modelled thifeet of natural circumstances
for ACE in our experiments. Physiological pH and €incentration did not have
an influence on serum dilution induced specific AG&ivity increase. It can be
established that the experimental conditions weqrtmal, therefore increase of
enzyme activity refers to the presence of an endmgginhibitor.

Only the ultrafiltered serum fraction containingof@ins between 50 to
100 kDa exerted ACE inhibitory effect both on tleeambinant and the purified
enzyme. Lineweaver-Burk plot indicated that thisison-competitive inhibitory
effect.

Adding C- and N-terminal active center specific AG&bstrates to the
reaction mix demonstrated that the inhibition by #ndogenous inhibitor is more
effective in the C-terminal site of ACE.

Dilution induced ACE activity increase and the prmse of an
endogenous ACE inhibitor in the serum is not spediér human, they were

demonstrated in several animal species (mousenbpgbat and donkey) as well.



It testifies that endogenous ACE inhibition is aroletionary conserved general
feature.

To identify the endogenous inhibitor, molecularenatctions between
ACE and the inhibitor were stabilized by heterobdtional crosslinkers.

The size of the crosslinked product suggestedtti@interaction partner may be
the HSA. This crosslinked product was also obsewen purified ACE and HSA

was were crosslinked and could be detected both aiti-ACE and anti-HSA

antibodies.

We tested the inhibitory effect of HSA on both fied and recombinant
ACE. The inhibition was similar in both cases{j@alues are 5.7 and 9.5 mg/ml,
respectively).

Circulating angiotensin converting enzyme activity significantly
controlled by the human serum albumin. We alsoetkshe effect of HSA on
endothelial cell surface bound ACE. On saphenous wércular segments
(remained from coronary artery bypass graft suigerye experienced that
angiotensin | mediated contractions decreased én ptesence of HSA while
angiotensin Il evoked contractions were not affécliehese all conclude that HSA
inhibits both circulating and tissue bound ACE vtyi

Endogenous ACE inhibition is a particularly int¢heg phenomenon in
the context of the successfulness of ACE-inhibtteerapy. ACE inhibitors are
effective in the treatment of several cardiovascd@seases demonstrated by
numerous clinical studies on large patient popotetiand are recommended by
cardiovascular guidelines. We demonstrated that KigAificantly inhibits ACE
activity, which is a possible protective mechaniagainst the development and
progression of cardiovascular diseases. Acting lasffering system, stabilizes the
activity of ACE on a low level independently fronC& concentration.

Serum ACE concentration is genetically determined he
insertion/deletion polymorphism of the ACE gene aasts for the 20-50%
interindividual variability of ACE concentration ggesting that I/D polymorphism



may play a special role in the pathomechanism eérs¢ cardiovascular diseases
including myocardial infarct, coronary heart dismasheart failure and
hypertension. In spite of this, most clinical stsgifailed to confirm the connection
between cardiovascular diseases and ACE polymarpHiscan be explained by
the fact that HSA buffers ACE activity by holdingoin a low level independently
from ACE concentration.

Ignoring the contribution of ACE genotypes to ACEtidty, a
metaanalysis on more than 30 000 patients conclukad ACE polymorphism
does not influence blood pressure and not increthsessk for myocardial infarct,
ischaemic heart disease and ischaemic celebroeasdiseases. We suppose that
the buffering effect of HSA on ACE activity may lies explanation. ACE is
suggested to play an important role in the pathtwaeism of these diseases,
because ACE inhibitors are especially importarth@ir therapy.

Several point mutations on the ACE gene are knowninfluence
circulating ACE concentration more than the I/Dypobrphism does. Kramers et
al published that the level of the circulating AC&ncentration elevated 5-times
owing to a point mutation on the ACE gene. At legight families were affected,
but nobody suffered from any kind of disease in nmmtion with ACE or
hypertension. Nesterovich et al published that d@age mutation elevated the
serum ACE-level 13-times, but they failed to conrety kind of disease to this
elevated ACE amount. A proline to leucin mutatigrpasition 1199 on the ACE
gene is called asymptomatic autosomal-dominant Mh@E-emia. These
observations demonstrate that the change in ACEerdration is well tolerated in
a wide range.

Interestingly, we did not find evidence of small lewular weight ACE
inhibitors in human sera, although they have besstiibed previously. We did not
detect any effect of <50 kDa serum filtrates on A@divity. One of the most
probable reasons for interpersonal variances cathéeliet of the individuals. It

has been reported that dietary factors, such asndowalphaS2-casein or



components of the honey can have ACE inhibitoryiets. These data suggests
that diet rich in milk products or honey may resultthe appearance of small
molecular weight inhibitors. This is an importassue (regulation of ACE activity

by dietary factors) which needs to be tested imrtutstudies. An alternative
explanation is that the observed small moleculaighteinhibitors described in

previous studies are the products of the degradafitarge molecular weight ACE

inhibitors, such as HSA and that this degradati@hribt occur in our samples.
Alternatively, the small molecular weight inhibitsowere further metabolized and
therefore inactivated in our case.

It is an important question whether HSA or some H&Bsorbed
molecules are responsible for ACE inhibition. Tliea& of purified HSA on ACE
activity suggested that this inhibitory effect aher linked to the HSA than to any
other absorbed molecules. This was further supgdijetwo data of this present
manuscript. First, the applied HSA was found toremarkably pure by mass
spectrometry. Second, HSA ability to inhilbécombinant ACE was not affected
by up to 15 filtration cycles, suggesting that H8Wibition is not the result of
some dissociative absorbed molecules.

Interestingly, some studies designed to identifstaty components with
ACE inhibitory activity lead to the recognition @fcein-1 and albutensin A as
tryptic fragments of serum albumin with ACE inhdoiy properties. These peptides
were synthesized and inhibited ACE, pinpointing HSAgions potentially
important in ACE inhibition. Acein-1 was identifiext a heptapeptide spanning the
region 138-144 in HSA, while albutensin A is a npeptide spanning the region
210-218 in HSA. The existence of these peptidegyestgthat HSA may have
multiple ACE inhibitory sites. Moreover, both peajgs have Igvalues similar to
that determined for HSA here (16 uM for acein-1 a@ uM for albutensin A).
Interestingly, the synthetic peptide, which is ag& residue longer than acein-1

had a dramatically lower Kg(500 uM versus 16 UM for acein-1) suggesting that



position and exposition of these segments of HSAthen surface may have a
dramatic effect on their effectiveness.

Physiological HSA concentrations are several tinfegher (35-52
mg/mL) than the determined 4@alues for HSA (5.7 and 9.75 mg/mL), suggesting
complete suppression of ACE activity by H3Ayvivo. Moreover, ACE inhibition
by HSA were tested on human sera and human bloggkige Our data suggest that
ACE activity is significantly suppressed as longths HSA concentration is at
least ~30 mg/mL. Nonetheless, the HSA concentratiagy be lower in conditions
associated with protein malnutrition and liver dad, among others. Our findings
tend to indicate that under these conditions tlfiesian of HSA may increase the
inhibition of ACE. In accordance with this, it hadseen found, that the
postoperative infusion of HSA frequently evokes d¢tymsion in patients receiving
ACE inhibitor therapy.

ACE inhibitor drugs are particularly effective iardiovascular diseases,
pinpointing ACE as a major angiotensin | convertarzyme,in vivo. HSA was
identified here as a major inhibitor of circulatidgCE, suggesting that ACE
inhibitor drugs are probably not acting on the @liating ACE, since it has already
been suppressed by the physiological concentrafidghe endogenous HSA. ACE
inhibitor drugs should therefore target a tissusrlib ACE population. HSA
inhibited angiotensin | conversion in the vascuissue, resulting in a slower and
lower maximal angiotensin | mediated constrictionhiuman vascular bed. This
effect of HSA was independent of angiotensin Ill@@constrictions, suggesting a
direct effect on tissue bound ACE, but the effica€yHSA at 20 mg/mL appeared
to be lower in the case of tissue-bound ACE thaat th for serum ACE. In
addition, captopril (an ACE inhibitory drug) wastnoore effective than HSA in
the same assay (even applied at high concentrjti@uggesting that either
captopril is not a complete antagonist at vascA@E or alternatively, angiotensin

| responses were not exclusively mediated by ACtimlocation.



We hypothesize that HSA does not inhibit all forofsACE similarly.
According to this hypothesis ACE in some tissues loaver affinity for HSA or
has higher local concentration (expression leventthat is in the serum. HSA
mediated inhibition is therefore only limited inete locations, while ACE
inhibitory drugs can potently inhibit these enzymeéader these conditions HSA
may inhibit somewhat local ACE activity, but it cae further inhibited by these
ACE inhibitor drugs. This is in accordance withexent consensus report stating
that “the plasma ACE represents only a small pridgorof the body’s total ACE
activity, therefore its role is thought to be miwifh As a matter of fact we have
provided a mechanism for this “minimal contributidsy showing HSA mediated
suppression of plasma ACE.

Another implication of the high degree of inhibitimf serum ACE by
HSA is that ACE mediated angiotensin | to angioitehisconversion can be a rate
limiting step in the renin-angiotensin-aldosterosgstem (RAAS). It is in
accordance with the co-existence bafth angiotensin | and angiotensin Il in the
circulation in a comparable level, suggesting tha rate of angiotensin |
generation (by renin) and conversion (by ACE) aot much different, albeit
angiotensin | cannot be present at such concemtiatvithout the activation of the
renin. Nonetheless, this high degree of ACE intohitoy HSA suggests that the
processes responsible for the elimination of thgtadansin 1l can play a significant
role in the determination of local angiotensineivéls.

The protective role of HSA is hypothetical, whitetadvantageous effects
of the ACE-inhibitors in the development and pregien of cardiovascular
diseases are well established. The beneficial tsffet a drug highly depend on
patient adherence and adequate dosing. Treatingigiuys may have a great
influence on adherence, but it is the patient wimallly decides for taking his
medicine. Adherence could be easily assessed bgoa Ipressure measurement,
but in most cases the beneficial effects of ACEhitbrs, other that their blood

pressure lowering effect, are desired.



Our method is suitable for the objective assessmé&mCE inhibitor
therapy. Only one tube of blood is required for dletermination of the degree of
ACE inhibition in each patient. Our study includif@2 patients concluded that the
ACE inhibitor therapy is ineffective in about onéh of the patients and it can
mostly be explained by inadequate patient adherdocehe therapy. When
physicians know which patients do not take theidicetion, they can improve
adherence and thereby increase therapy efficieni®crease cardiovascular
mortality and the incidence of hospitalization.drsmaller proportion of patients
who had ineffective ACE inhibition the applied dafehe ACE inhibitor was low
and dose adjustment was necessary. The benefif@at ef dose adjustment could
be observed both in the blood pressure valuesranidro in the measurement of
efficiency of the ACE inhibitor therapy.

It was also observed in our study that in someesptgithe degree of ACE
inhibition is over 99%. In these cases dose redocthould be considered to
minimize the number and intensity of side effeatdich ultimately improves
patient adherence. Finally, our method may initeateew chapter in personalized

therapy.



6. Conclusion

Angiotensin converting enzyme inhibitors are onehef most commonly
prescribed drugs in cardiovascular diseases. Theepce of endogenous ACE
inhibitors was first published in 1979 but theifeets remained unrevealed.

Our aim was to detect and identify the endogenoG& Anhibitor in the
serum and investigate its influence on circulating vascular ACE.

Our results confirmed that human serum albumin iSagmtly inhibits
circulating ACE activity. The novelty of our resehris the demonstration of the
followings: (1) HSA mediated ACE inhibitory effeds also present under
physiological conditions (pH, Ctoncentrationjn vitro, (2) HSA inhibits the C-
terminal active site of ACE with higher affinityah the N-terminal active site, (3)
HSA mediated inhibitory effect is evolutionary cenged, (4) HSA inhibits not
only circulating but also endothelial cell membrameund ACE, (5) specific
enzyme activity measuring in serum samples at rdiffe dilution levels is a
suitable method for the objective assessment of A@ibitor therapy efficacy (is
the therapy effective?) and enables personalizedrrent.

The most relevant conclusion of our work is thatAHIS an effective
endogenous inhibitor of ACE, which almost completiahibits circulating ACE
under physiological conditions, in vivo. Translatiof our findings into practice

opens the door to individualized ACE-inhibitor tapy.
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