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COMPARATIVE PHARMACOKINETICS AND BIODISTRIBUTION OF HAEE AND HASS PEPTIDES
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Due to the limited availability of advanced methods to diagnose Alzheimer's disease, small molecules and short peptides capable of specifically biniding g-amyloid
are of special interest. The study aimed to perform comparative assessment of pharmacokinetics and biodistribution of two model peptides, HAEE (His-Ala-Glu-Glu)
and HASS (His-Ala-Ser-Ser), as potential platforms for the development of diagnostic kits, as well as to determine the relationship between the peptide structure
and organotropism. The study involving BALB/c mice (n = 10) was conducted using the fluorescence labeled compounds. We used in vivo IVIS imaging, ex vivo
fluorescence microscopy, and pharmacokinetic analysis. The results showed fundamental differences: the negatively charged HAEE was accumulated mainly in
the kidney (T8 = 4.39 h) due to tubular reabsorption, while neutral HASS was soon captured by the liver (T,8 = 2.76 h). The data obtained demonstrate the key
role of amino acid composition in determining organotropism and open prospects for the development of organ-specific peptide systems.
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CPABHUTEJIbHAA ®PAPMAKOKUWHETUKA N BUOPACIMPEOENEHUE MENTNAOB HAEE N HASS
A. B. ViBaHoBa™d, I1. A. Jlagapesa, /. A. Kysbmundes, B. B. BagexviHa, A. B. Kocbix, H. T Typckast, M. A. AbakymoB

Hay4Ho-vccnenoBaTenbCKuii UHCTUTYT TPaHCAALMOHHON MeguuyiHbl, POCCUNCKWA HaLUMOHaNbHbIA UCCNefoBaTENbCKU MEOULVHCKUIA YHUBEPCUTET UMEHM

H. V. Muporosa, Mocksa, Poccrs
B cBSA3K ¢ orpaHny4eHHon JOCTYMHOCTBLIO COBPEMEHHbBIX METOLOB ANarHOCTUKM 601e3HM AnbLireriMepa 0Cobbli MHTEPEC NPEACTaBNSIOT Masible MOSIEKY bl 1
KOPOTKME NenTuabl, CNOCOOHbIE CneumnduyHO CBA3bIBATLCS C B-amunongom. Llensto paboTbl 66110 MPOBECTN CPaBHUTENBHOE N3yHeHVe (hapMaKOKMHETUKN
1 bropacnpeneneHns OByx mopenbHbix nentuaoB — HAEE (His-Ala-Glu-Glu) n HASS (His-Ala-Ser-Ser) kak noTeHumanbHbIX nnathopm ans paspaboTkim
[ANAarHOCTUHECKNX CUCTEM W YCTaHOBUTL B3ANMOCBSA3b MEXAY CTPYKTYPOW MEMTUAOB M X OPraHOTPOMHOCTLIO. VIccneaoBaHne BbIMOMHEHO Ha MbILLax JMHUN
BALB/c (n = 10) ¢ ncnonb3oBaHvem ayopecLEHTHO MeYeHbIX coeanHernin. Mpumensanu IVIS-Budyanusaumio in vivo, dnyopecLeHTHYIO MUKPOCKOMMIKO ex Vivo
1 hapMakOKNHETUHECKMIA aHanm3. PesynstaThbl BbISBUAN NpUHLMAMabHble pasnuydns: HAEE ¢ oTpuuaTensHbIM 3apsaoM MperMyLLEeCTBEHHO HakanvBascs
B nodkax (T, B = 4,39 4) Gnarogaps peabcopbummn B KaHanbLax, Toraa Kak HemtpanbHein HASS GbicTpo saxeatbisanca nedersto (T, = 2,76 4). MonyerHble
[laHHble AEeMOHCTPUPYIOT K/IIOHYEBYIO POSib @MUHOKUCIIOTHOrO COCTaBa B OMPEeAeneHn opraHoTPOMHOCT U OTKPbIBAKOT MepCreKkTuBbl Ans pa3padboTku
opraHocneuduYHbIX NEeNTUAHbBIX CUCTEM.

KntoueBble cnosa: nentug HAEE, nentug HASS, BALB/c 3n0poBble MbilK, dapmMakokHeTka HAEE, dapmakokuHeTnka HASS, in vivo dnyopecueHTHas
Budyanmnsaumsa (IVIS), rematosHuedanndeckmin bapbep, bropacnpenenere HAEE, 6uopacnpeneneqne HASS

®uHaHcupoBaHue: paboTbl BbIMONHEHbI B pamkax [ocymapcTBeHHoro 3apaHns «CosfaHve  pagmodapmMaleBTUHeCKOro NIekapCTBEHHOrO npenapara Ans
[anarHoCTVKK 6onesHn AnbLireiMepa ¢ ncnonb3oBaHvemM TetTpanentiaa HAEE B kadecTBe BEKTOPHON MONeKysbl», perncTpaunoHHbii Homep EMCY HNOKTP
1024110600012-8-3.2.25;3.2.26;3.2.12.
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Alzheimer's disease remains one of the most socially significant
neurodegenerative disorders and the main cause of dementia in
elderly people [1, 2]. The disease prevalence grows exponentially
with age: 53 new cases per 1000 people aged 65-74; 170 new
cases per 1000 people aged 75-84, and 230 new cases per
1000 people aged over 85 [3, 4]. The disease pathogenesis is
complex and multifaceted. However, this process is rather often
accompanied by accumulation of B-amyloid (AB) in the form of
senile plagques in the cerebral cortex [5]. AB represents a peptide
with the length of 39-43 amino acid bases that is generated from
the AB precursor protein (APP) [6]. This unique APP breakdown
process provides important targets for treatment of Alzheimer's
disease [7]. Two major peptides have the length of 40 (AB,) and
42 (AB,,) amino acid bases. AB,, is prone to aggregation in vivo, itis
often considered to be more toxic [8, 9]. AB,, accumulation triggers
the cascade of abnormalities including formation of oligomers
and fibrils, neuroinflammation activation, synaptic transmission
impairment, neuronal death [6, 10, 11]. Unfortunately, the
in-depth study of the amyloid hypothesis and other pathogenetic
hypotheses has failed to produce any truly effective therapeutic
strategy, while such strategies have been developed since the
disease was first described in 1906 [12]. Modern methods to
diagnose Alzheimer's disease are still inaccessible for widespread
use due to technical complexity and significant expenses. In this
regard, small molecules capable of specific binding to AB are of
special interest; their versatility and the possibility of chemical
modification open up prospects for the development of more
affordable diagnostic platforms. Among such molecules, short
peptide sequences, particularly tetrapeptides HAEE (His-Ala-
Glu-Glu) and HASS (His-Ala-Ser-Ser) that combine high affinity
for B-amyloid, inhibition of its aggregation, good pharmacokinetic
properties, and the ability to cross the blood-brain barrier,
turned out to be the most promising [13]. To ensure realization
of their diagnostic potential, it is necessary to thoroughly assess
pharmacokinetic properties, including biodistribution, the ability to
cross the blood-brain barrier, and the dynamics of elimination from
the body. This study is focused on comprehensive characterization
of these parameters involving the use of the fluorescence
labeled HAEE and HASS analogues in animal models.

The study aimed to determine pharmacokinetic parameters
of the HAEE and HASS tetrapeptides in healthy animals,
including half-life (T, ), in order to assess the tetrapeptide
biodistribution, stability in vivo, and prospects for further use as
a basis for radiopharmaceuticals or therapeutic agents.

METHODS
All the experiments were conducted at the research laboratory

of the Deparment of Medical Nanobiotechnology, as well as
at the Department of Regenerative Medicine of the Research

Institute of Translational Medicine, Pirogov Russian National
Research Medical University.

IVIS imaging in vivo/ex vivo

Female BALB/c mice aged 3 months with the weight of 20-25 g
were purchased brom the breeding nursery of the Center
of Biomedical Technology of the Federal Medical Biological
Agency of Russia, Stolbovaya branch (Moscow region, Russia).

Mice had ad libitum access to food and water. The animals
received extruded complete feed for laboratory animals: mice,
rats, hamsters (Laborantsnab, Russia). Daytime was 12 h
(between 7:00 and 19:00); illuminance during the light part of
the cycle was 70-90 Ix; the temperature in the room where the
animals were permanently kept was 22 °C.

Each experiment involved five animals. The test peptides
were HAEEGGGGK-Cy5 and HASSGGGGK-Cy5 (purity > 95%
based on the HPLC data). The peptides were dissolved in
the sterile 0.9 % NaCl solution to the final concentration of 250 M
before administration. The resulting solutions were filtered
through the 0.22 um filter and injected intravenously in the tail
vein (n = 4 animals per group) in the amount of 100 pL. The control
group was administered 100 pL of the 0.9% NaCl solution.

Intravital fluorescence imaging was performed using the
IVIS Spectrum CT imaging system (Perkin Elmer, USA) at
the time points of 15 min, 1 h,2h, 3h,4 h,5h,6h, 24 h
after administration. Fluorescence imaging was accomplished
under inhalation anesthesia with 2% isoflurane (Aerrane, Baxter
HealthCareCorporation, USA) mixed with air.

The animals were ansthesized by intraperitoneal injection
of tiletamine (Zoletil, Virbac, France) for further experiments.
Then transcardial perfusion was performed. For that the right
atrium was incised, the cannula was inserted in the left ventricle,
and blood channels were washed sequentially with the sterile
phosphate buffered saline (Sigma-Aldrich, USA) and HistoSafe
10% buffered formalin (Biovitrum, Russia). The organs were
retrieved, and ex vivo fluorescence imaging was performed.

Fluorescence analysis and kinetic modeling

Photon emission was calculated using the Living Image 4.3 software
with selection of the region of interest (ROI). Fluorescence values
of the control animal for each time point were subtracted from
the animals’ fluorescence values in order to eliminate systematic
measurement errors. The same was done for the organs.

Widefield fluorescence microscopy

The 10 pm cryosections were cut using the HM525 cryo
microtome (Thermo Scientific, USA). For further analysis,

Table 1. Dynamic changes in the mean fluorescence intensity (p/sec/cm?/sr) injection of the HAEE and HASS fluorescence peptides

Time, h

HAEE (Mean + SD)*

HASS (Mean + SD)*

0.25

(1.23 +0.18) x 10°

(1.31 £0.19) x 10°

1

(4.61 +0.51) x 10°

@.11 £0.18) x 10°

(1.76 + 0.16) x 10°

(8.69 + 0.75) x 107

(1.21 £ 0.09) x 10®

6.04 + 1.01) x 107

(9.53 +1.07) x 107

5.57 +0.92) x 107

ol w]| N

(7.87 +0.99) x 107

4.20 £0.71) x 107

)
)
(7.53 + 0.82) x 107
)
)

(3.14 +0.28) x 107

( )
( )
(4.93 £ 0.94) x 107
( )
( )

1.97 + 0.23) x 107

Note: * — the data are presented as the mean + standard deviation (Mean + SD) forn = 4
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Fig. 1. In vivo fluorescence kinetic curves of the studied HAEE (r? = 0.94) and HASS (? = 0.95) peptides

sections were fixed in the 10% buffered formalin (Biovitrum,
Russia) for 15 min, sequentially triple washed with phosphate
buffered saline containing no Ca?* and Mg?* (PanEco,
Russia), and embedded in the VECTASHIELD Atifade
Mounting Medium with DAPI (VectorLabs, USA). Images
were acquired using the EVOS FL Auto imaging system
(Thermo Scientific, USA).

Statistical analysis

Data analysis was performed in GraphPad Prism 8.0.1
(GraphPad Software, USA). The graph of the fluorescence
signal intensity as a function of time was presented as mean
values with standard deviations and the trend line for the two-
chamber model. The graph of ex vivo drug accumulation in
the organs contained the mean value, maximum and minimum
values for the group.

RESULTS

Teporary changes in fluorescence intensity were reported
after a single intravenous injection of the HAEE and HASS
fluorescence peptides to BALB/c mice (Table 1). Both
compounds showed rapid systemic absorption reaching
the maximum concentration 0.25 h after administration.
Furthemore, HASS ((1.31 = 0.19) x 10° p/sec/cm?/sr)
showed the 6.5% higher fluorescence intensity compared
to HAEE ((1.23 + 0.18) x 10° p/sec/cm?/sr) with subsequent
exponential decrease in indicators. The findings are more
clearly demonstrated in Fig. 1.

Plotting of the resulting kinetic profiles on a logarithmic
scale suggests the two-chamber model of the HASS and
HAEE peptide elimination (Fig. 2).

The HAEE and HASS kinetic curves (Fig. 1, 2) described by
the two-chamber model (Ap = A, - ™"+ A, - e?) demonstrate
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Fip. 2. Comparative kinetics of the HAEE and HASS peptide elimination
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Table 2. Comparison of the HAEE and HASS pharmacokinetic parameters after intravenous administration

Parameter HAEE HASS
Rapid elimination phase, % 93.37 96.43
a, h 1.6 3.1
B, h 0.16 0.25
T, , of the rapid distribution phase, h 0.43 0.22
E,,, of the elimination phase, h 4.39 2.76
A, of the rapid distribution phase, p/sec/cm?/sr 1.64 x 10° 2.61 x10°
A, of the elimination phase, p/sec/cm?/sr 1.16 x 108 9.67 x 107
AUC (0-), h * p/sec/cm?/sr 3.69 x 10° 1.51 x 10°

considerable differences in elimination parameters (Table 2):
HASS is characterized by the dominance of the rapid phase
(96.43% vs. 93.37%), higher rate constant a (3.11 h™' vs. 1.6 h™)
and shorter T, a (0.22 h vs. 0.43 h), which is correlated to
the steep initial decline on the graphs, while HAEE showing
prolonged elimination with the extended T, (4.39 h vs. 2.76 h) is
characterized by the gentle slope on the kinetic curve and the
large AUC (3.69 x 10° vs. 1.51 x 10° h- p/sec/cm?/sr), which
suggests its potential advantage for the long diagnosis.

Ex vivo assessment of the HAEE and HASS peptide
accumulation was performed 24 h after injection. According
to the data obtained (Fig. 3), the peptides show different organ
specificity: HAEE is localized mainly in the kidney, while HASS is
localized mainly in the liver. Both compounds are accumulated in
the lung and brain showing no significant intergroup differences
(o > 0.05). As for the heart and spleen, fluorescence intensity
in the HAEE group was significantly higher, than in the HASS
group (p < 0.05).

The HAEE longer half-life results from the fact that it is eliminated
mainly by the kidney, which has been confirmed by fluorescence
microscopy of the sections that has revealed intense fluorescence
signal accumulation in the renal tubular epithelium (Fig. 4), which
is consistent with the IVIS data (Fig. 5), where the kidneys show
stronger fluorescence signal compared to other organs within 24 h,
while HASS is accumulated primarily in the liver (Fig. 5).

Assessment of representative microphotos of the mouse
kidney tissue sections confirms increased HAEE content in the
form of accumulation of the large number of Cy®* aggregates

* *

in the cells of renal proximal tubules (Fig. 4A, B) compared to
HASS (Fig. 4C, D).

DISCUSSION

Our studies have revealed considerable differences in
biodistribution of the HAEE and HASS peptides, which can
be explained by their structural and functional features. HAEE
having low molecular weight (< 2 kDa) and weak negative
charge demonstrates primarily renal excretion. Such process
is typical for low molecular weight peptides [14], which are
reabsorbed through pinocytosis after glomerular filtration.
The presence of the Cyanine 5 (Cy5) fluorescent label in the
peptide structure can increase its lipophilicity, contributing to
penetration through the cell membranes, specifically in the
epithelium of the renal proximal tubules, which explains the
reported compound accumulation in the kidney tissue. Nor can
the possibility be excluded that the peptide specifically interacts
with the cellular receptors. However, this aspect requires
further research. HAEE can enter the liver by passive transport
through the membranes of hepatocytes and Kupffer cells.
Furthermore, considering the key role of liver in metabolism
and detoxification, accumulation of the peptide in this organ
can be associated with its biotransformation or active transport
via hepatocytes. Upon systemic administration, pulmonary
epithelium is also permeable for small lipophilic molecules [15],
which is confirmed by detection of fluorescence signal in the
lung. Experimental studies involving BALB/c mice have shown

* *
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Fig. 3. Ex vivo assessment of the HAEE and HASS accumulation in the organs 24 h after intravenous administration. * — p < 0.05, significance of intergroup differences

based on the Mann-Whitney U-test
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Fig. 4. Histological analysis of the mouse kidney tissue after the HAEE and HASS systemic administration. A, B. Localization of the Cy5-labeled HAEE (red) in the
mouse kidney 24 h after intravenous administration. A. Giant section of the mouse kidney. B. Accumulation of fluorescent granules in epithelial cells of the renal
proximal tubules. C, D. Localization of the Cy5-labeled HASS (red) in the mouse kidney 24 h after intravenous administration. C. Giant section of the mouse kidney.
D. Accumulation of fluorescent granules in epithelial cells of the renal proximal tubules. E, F. Kidney of the control mice 24 h after intravenous administration of saline.
E. Giant section of the kidney. F. Magnified image of the kidney tissue obtained by superimposing red and blue fluorescence. The nuclei are DAPI stained (blue). Scale

bar 200 pm

that HAEE is characterized primarily by renal excretion, which
is confirmed by three key observations: 1) high fluorescence
intensity in the kidney 24 h after administration recorded by both
IVIS imaging and fluorescence microscopy; 2) prolonged half-life
(T,,B = 4.39 h), which is explained by reabsorption in the renal
tubules; 3) rapid initial elimination (T, a = 0.43 h) suggesting that
there are no stable complexes with blood plasma proteins.

In contrast to HAEE, the neutrally charged HASS peptide
demonstrates fundamentally different pharmacokinetic
characteristics. Its peak fluorescence signal is 6.5% higher
than that of HAEE, which is likely to be due to reduced binding
to the tissue structures. HASS is characterized by enhanced
elimination with the half-life of T, a = 0.22 hand T, = 2.76 h
resulting probably from active capture by hepatocytes. The
ex vivo testing 24 h after administration confirmed selective
accumulation of the peptide in the liver tissue.

Despite similar size (< 2 kDa), HAEE shows the 1.7 times
better blood-brain barrier permeability (AUC (0—e<)), which
is likely to be due to electrostatic effects and the features of
interaction with transport systems.

The findings demonstrate considerable differences in the
distribution of the studied peptides across organs. In particular,
it has been found that HAEE is excreted primarily by the kidney,
which determines its potential diagnostic value for renal disorders.
In contrast to HAEE, HASS shows high hepatospecificity and
high hepatic metabolism rate, which allows one to consider it as
a promising basis for the development of the delivery systems
targeting the liver. The presence of the Cy5 label increases
lipophilicity of both peptides, which contributes to their transport
through the cell membranes. However, the limited crossing of the
blood-brain barrier (especially that of HASS) suggests the need
for structural optimization for the use in neurodiagnosis. Further
research is required for better understanding of the mechanisms
underlying biodistribution of tetrapeptides: 1) identification of the

BULLETIN OF RSMU | 4, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.036

transport systems (megalin/OATP (organic anion transporting
polypeptide)); 2) complete metabolic profile in biological fluids;
3) correlation between structural alterations of peptides and
their distribution across the organs.

CONCLUSIONS

Thus, the comparative study conducted has revealed
fundamental differences in the HAEE and HASS behavior
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Fig. 5. HAEE and HASS organ specificity within 24 h (\VIS). White arrow points
to the kidneys with maximum buildup. Color scale: from blue (min) to red (max)
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in vivo. The peptides demonstrate no only different organ
tropism, but also fundamentally different pharmacokinetic
profiles (including half-life, T, ), which opens up the prospects
for differentiated use of those in the diagnosis and targeted
drug delivery. It has been found that HAEE with short T, , and
renal excretion is promising for the development of diagnostic
radiopharmaceuticals, while HASS showing hepatotropism and
rapid hepatic metabolism is of intrest in terms of developing the
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