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Hemorphin-7 (H7, YPWTQRF) is a member of hemorphins family, an
endogenous nonclassical opioid peptide derived from haemoglobin (Hb),
demonstrating a wide spectrum of biological activities [For review see Ref.
26]. H7 exhibits anti-inflammatory and immunoregulatory properties [30,
17]. It was shown the small, but significant passage of hemorphin-7 across
the blood-brain-barrier [26], however a- and P- globin mRNAs were
identified in mouse brain, implying the synthesis of globin in the central
nervous system (CNS) [27]. Brain catepsin B was shown to participate in the
generation of several hemorphins, including hemorphin-7 from LVV-
hemorphin-7 (LVV-H7) in vitro [2]. It should be noted that LVV-H7
contains the amino acid sequence of all known hemorphins. By using in vivo
microdialysis in combination with electrospray mass spectrometry in vivo
processing of hemorphin-7 from LVV-hemorphin-7 in rat brain and blood
was shown [31]. It has been shown that H7, like other hemorphins, in vitro
modulates  Ca,./calmodulin ~ (CaM)-dependent protein  phosphatase
calcineurin activity by binding to CaM, exhibiting a concentration-
dependent biphasic response on enzyme activity [5, 7, 10, 17]. Calcineurin is
known as a key enzyme in the signal transduction cascade leading to T cell
activation. This enzyme controls gene expression of several cytokines
(interleukin (IL)-2, tumor necrosis factor o, (TNFa), IL-4, IL-5 etc.) and
other regulatory proteins via dephosphorylation and nuclear translocation of
NFATec (nuclear factor of activated T cell) family members [33]. Importantly,
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H7 was shown to regulate DNA-binding activity of NFAT, AP-1 and NF-«xB
transcription factors in stimulated human Jurkat T cells [6]. Moreover, it has
been demonstrated that H7 in nM concentrations negatively regulates IL-2
promoter transcriptional activity [17]. It has been revealed that H-7 in pM
concentrations significantly (2,5 fold) inhibits in vitro DNA methylation in
pathophysiology of tumor (sarcoma-45) [18]. It is well known that
methylation of DNA often correlates with the lack of transcriptional
activity, and inhibition of DNA methylation is a specific characteristic of
anti-tumor drugs [15, 21]. It has been reported that some of the members of
hemorphins family (e.g. LVVYPW (MP-2), VVYPWTQ (valorphin)) exert
anti-tumor properties [8, 11, 25]. It has also been shown that p-opioid
receptors (MOR) agonists exert anti-tumor properties [22-23]. Because H7 is
the most potent among the hemorphins in MOR binding [37], and,
moreover, H7 has a capacity to induce the release of -endorphin from the
pituitary tissue into circulation [26], it is suggested that H-7 may exhibit
anti-tumor properties as well. This view is supported by several reports from
different laboratories indicating that Ca,,/CaM/calcineurin/NFAT pathway is
involved in pathophysiology of cancer [24, 28].

It is to be noted that hemorphins change the sensitivity of CaM to its
antagonists (trifluoperazine (TFP), chlorpromazine, W-7, vinblastine and
vincristine) [3]. All of these compounds are drugs that are implicated in the
treatment of different diseases, including cancer [20, 35]. Therefore in 1992,
we predicted that hemorphins had good prospects for applied medicine as
drugs without side effect [3].

Taking into consideration all of the above mentioned the aims of the
present study were:

1) to examine the effects of intraperitoneal (ip) injections of synthetic
LVV-H7 and H7 alone and H7 in combination with anti-tumor agent
doxorubicin (DOX) on tumor growth in rats bearing S-45;

2) to study the effect of LVV-H7 and H7 on plasma and brain
calcineurin activity in sarcoma-45 bearing rats;

3) to determine the in vivo effect of LVV-H7 and H7on
thermodynamic parameters of DNAs, isolated from S-45 and S-45 treated
with hemorphin (LVV-H7 and H7) and H7+DOX;

4) to examine if LVV-H7 and H7 can directly bind to DNA and form
DNA-hemorphin complex.

Materials and Methods
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In the experiments the synthetic hemorphins (H7 and LVV-H7) and
anticancer drug DOX (anthracycline antibiotic, trade name Adriamycin)
were used. The experiments were carried out on Wistar line rats of both
sexes weighing 100-120 g at the time of experiment. Rats provided by
Animal House of the Institute of Biochemistry NAS RA, were caged in
groups of 5 with food and water given ad libitum. Rats were randomly
divided into 5 groups: control group (healthy rats, n=6) and 4 experimental
groups inoculated with sarcoma-45 (5-45) by the method of Chernov W.,
1971 [14]. The first experimental group (n=10) received daily single ip
injection of LVV-H7 (1mg/kg) dissolved in saline (0.9% NaCl) (0.5 ml),
during 8 days. The second experimental group (n=10) received daily single ip
injection of H7 (1mg/kg) dissolved in saline, during 8 days. The third
experimental group (n=10) received daily mutual ip injection of H7 (1mg/kg)
+ DOX (2mg/kg) during 8 days. The fourth experimental group (n=10)
received daily 0.5 ml of saline injection. The rats in control group were
injected by saline (0.5 ml). On the 14th day of the experiment animals were
decapitated. The brains and tumors were rapidly removed, frozen and stored
at -70° C until use. The trunk blood was immediately collected into sodium
citrate (3.2%)-coated vacutainer tubes. Then, the blood samples were
centrifugated at 1500 rpm for 10 min, separated into aliquots and stored at
-70° C.

Calcineurin Activity

Calcineurin activity was measured by spectrofluorimetric assay using
4-methylumbelliferyl phosphate (4-MUP) as a substrate [1]. A typical
enzyme assay was performed in 1 ml of incubation mixture, containing 50
mM Tris-HCL, pH 7.5, 0.5 mM DTT, 1 mg/ml bovine serum albumin (BSA), 1
mM MgCl,, 0.3 mM CaCl,, 1 pM 4-MUP, and necessary amount of enzyme
(100 000 x g soluble brain protein fraction or plasma). One unit of enzyme
activity is defined as amount of enzyme that caused the formation of 0.1 nM
of 4-methylumbelliferon (4-MU) at 32° C for 1 h. The quantity of 4-MU was
determined  fluorimetrically —using a  Perkin-Elmer = MPF-44A
spectrofluorimeter. The fluorescence was measured at 445 nm (Exitation at
365 nm). As control the substrate and enzyme were incubated separately.

Thermodynamic investigation of DNA
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Excess heat capacity (AC,) versus temperature (T°C) profiles for the
thermally induced transitions of DNAs isolated from S-45 and S-45 treated
with hemorphins (LVV-H7 and H7) alone or with H7 in combination with
DOX were measured by using a differential scanning microcalorimetry
(DSM). Measurements were conducted on a DASM-4 microcalorimeter
(Russia). In these experiments, the heating rate was 1°C/min at temperature
ranges 10-100°C. Enthalpies (AH) were calculated from the areas under the
experimental AC, versus T°C curves using Scal Dos software. The DNAs were
dissolved in 0.1 M sodium chloride-sodium citrate (SSC) buffer (pH 6.9)
containing 15 mM NaCl, 1.5 mM sodium citrate. The concentration of
solution of DNAs isolated from S-45 was 288 ug/ml and concentrations of
DNAs isolated from S-45 treated with H7, LVV-H7 and H7+DOX were in
the range of 300-304 pg/ml respectively.
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Detection of DNA-peptide complex

The formation of DNA-H7 and DNA-LVV-H7 complexes in vitro was
detected by differential absorbance measurements, which were conducted
on a SPECORD UV/VIS spectrophotometer (Germany). Absorbance was
measured at 200-350 nm. DNA (at concentration of 28 pg/ml), isolated from
healthy rats’ liver, was reacted with LVV-H7 or H7 in 1 mM NaCl (pH 6.9).
Registration of DNA-H7 and DNA-LVV-H7 complexes was detected in pM
concentration ranges of peptides.

The results were analyzed using Origin version 6.1 software. Statistical
significance — p<0.05. All data were expressed as means = SEM.

Results and Disscussion

The effects of LVV-H7 and H7 alone, as well as the effect of H7 in
combination with DOX have been studied on tumor growth after 8 days of
treatment of rats bearing S-45. As one can see (fig.1), treatment of rats with
H7 or H7+DOX induced statistically significant inhibition of tumor growth,
by 44, 9 % and 57, 3% respectively in comparison with S-45 bearing rats,
which received daily single injection of 0,9% NaCl during 8 days. It is
suggested that H7 and DOX act synergistically. It should be noted that DOX
alone induces the inhibition of tumor growth on 52% (data not shown). We
did not observe statistically significant inhibition of tumor growth by
treatment of rats with LVV-H7. The mechanism of DOX action has been
linked to DNA damage, topoisomerase II inhibition, and irons sequestration
with subsequent free radical generation, rendering cells more vulnerable to
apoptosis [19, 32, 36]. In addition, it has been reported that DOX
pretreatment sensitize prostate cancer cell lines to TRAIL (TNF-related
apoptosis inducing ligand)-induced apoptosis, which correlates with the loss
of anti-apoptotic protein cFLIP (cellular FLICE inhibitory protein)
expression. Moreover, DOX generates a pro-apoptotic phenotype by
phosphorylation of EF-2 (elongation factor-2), which in turn also degrades
cFLIPs [36,19]. Importantly, CaM antagonist TFP modulates cytotoxicity of
DOX in vitro and anti-tumor effect of DOX in vivo and this effect is
dependent on the level of DOX resistance [16]. Another CaM antagonist
vincristine attenuates DOX cardiotoxicity. Treatment with DOX+vincristine
activated pro-survival signal Akt (protein kinase B) and diminished
cytochrome C release. It is suggested that these findings may have clinical
implication [13]. As one can see (Fig.1) H7 potentiates the anti-tumor effect
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of DOX. Because hemorphins are suggested to be allosteric regulators of
CaM, and have a capacity to change the sensitivity of CaM to its antagonists
(e.g. TFP, vinctistine and etc.), it is suggested, that H7 may make the action
of DOX less toxic, acting by binding to CaM. Using the ICPL (isotope
coded
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Fig.1. Effect of hemorphin (LVV-H7 or H7) alone and H7 in combination with DOX
on tumor growth in rats bearing S-45, after 8 days of in vivo treatment. * p<0.05.

protein label) technology with MALDI-MS-MS mass spectrometric analysis,
ferritin H chain is identified as a potential target for hemorphin in mouse
brain [4]. This protein has already been reported to be involved in the
pathophysiology of cancer [29]. In addition, melanoma-derived ferritin H
chain isoform is able to stimulate up regulation of p53 andmediate apoptosis
involving Fas (CD95) [12]. It is thought that H7 by up regulation of ferritin
expression may mediate the process of apoptosis in cancer cells. It should be
noted that B-endorphin has been recorded to increase apoptosis in lung
cancer cells [23]. H7 may affect apoptotic processes by inducing the release
of B-endorphin as well. Thus, synergistic action of H7 and DOX in inhibition
of tumor growth may be based on different mechanisms (e.g. increase in
apoptosis, release of B-endorphin, regulation of ferritin expression etc.).

In the present work we have studied the influence of ip administration
of hemorphins (H7 and LVV-H7 ) on calcineurin activity in pathophysiology
of S-45. We have observed reduction of calcineurin activity in brain by
58,16% and in plasma by 63, 44% respectively, in comparison with
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calcineurin activity in brain and plasma of healthy rats, treated with saline
(Fig.2 A and B). These data correlate with literature data, indicating to
down-regulation of calcineurin activity in pathophysiology of cancer [28]. It
has been demonstrated for the first time that both H7 and LVV-H7 are able
to recover in vivo calcineurin activity in the brain and plasma of S-45
bearing rats. Both H7 and LVV-H7 after 8 days of treatment of S-45 rats,
induce increase in brain (by 20,1% and 36,83% respectively) and plasma
(by 47,44% and 44,14% respectively) calcineurin
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Fig. 2. The effect of ip administration of LVV-H7 and H7 on calcineurin activity in
the brain (A) and plasma(B).
** p< 0.01; ** p<0.001.

activity in comparison with brain and plasma calcineurin activity of S-45
untreated rats. The data obtained confirm our previous findings that
calcineurin is involved in the molecular mechanisms of hemorphins action
in physiology and pathophysiology [5, 8-10]. It is well known that
calcineurin participates in gene expression and production of IL-2 via
calcineurin/NFAT pathway, so now it is clear why anti-cancer effect of
LVVYPW (MP-2) is bound with restoration of IL-2 synthesis suppressed in
tumor bearing organism [16]. LVVYPW induce the increase of calcineurin
activity and calcineurin, in turn, stimulates IL-2 synthesis on gene
transcription level. The data obtained give as reason to suggest that anti-
tumor effect of hemorphins is associated with the regulation of calcineurin
activity by hemorphins. However in the present study we have shown, that
though LVV-H7 demonstrates the inhibition of tumor growth (by 23,8%),
the data obtained are not statistically significant. At the same time it has
been shown that LVV-H7, likewise H7, in vivo recovered calcineurin
activity. To clear up these results, there is need for further investigations.
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In order to reveal if H7 and LVV-H7, likewise LVVYPW [8], may in
vivo directly affect DNA structure, we have studied the thermodynamic
characteristics of DNAs, isolated from S-45 bearing rats and S-45 bearing rats
treated with H7, LVV-H7 and H7 + DOX.

Using differential scanning microcalorimetry (DSM) we revealed the
changes in heat capacity (AC,) of DNAs, isolated from S-45 and S-45 treated
with LVV-H7, H7 and H7+ DOX (Fig.3). Using automated data processing
software Scal Dos the values of enthalpies (AH) of studied DNAs was
determined. Data obtained give us reason to suggest that as a result of in vivo
treatment of S-45 with LVV-H7, H7 and H7+DOX, the interaction of DNA
with peptides takes place. The values of enthalpy for DNAs, isolated S-45, S-
45 treated with H7, H7 +DOX and LVV-H7, were 9, 23 kcal/mol, 10,17
kcal/mol,
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Fig. 3.DSM thermograms for DNAs isolated from S-45 and S-45 treated with LVV-
H7, H7, H7+DOX. Enthalpies (AH) were calculated from the areas under the
experimental
AC, versus T°C curves.

10,1 kcal/mol and 12,8 kcal/mol respectively. It should be noted that the
value of enthalpy for DNA isolated from S-45 treated by LVVYPW (LVV-
H3) was found out to be 16,2 kcal/mol [8]. The data obtained give us reason
to suggest that as a result of in vivo treatment of S-45 with LVV-H7 the
hydrophobic interaction of DNA with peptide, due to N-terminal LVV
amino acid sequence, takes place, which induces the stabilization of DNA by
increasing value of enthalpy (12,88 kcal/mol) in comparison with enthalpy
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of S-45 DNA (9,23 kcal/mol). The values of enthalpy for DNAs, isolated from
S-45, treated with H7 (10,17 kcal/mol) or H7+DOX (10,1 kcal/mol), have
small differences in comparison with that for DNA, isolated from untreated
S-45 (9, 23 kcal/mol). It is suggested that H-7 induces weeker interaction
with DNA than LVV-H7 or LVV-H3. It seems very likely that anti-tumor
action of H-7 is bound with the ability of this peptide to induce the cancer
cells apoptosis. This view is supported by finding that the values of enthalpy
for DNAs isolated from S-45 treated with H7 or H7+DOX are almost equal
(10,17 kcal/mol and 10,1 kcal/mol, respectively). One can also speculate that
the differences in values of enthalpy between DNAs isolated from S-45,
treated with H7 and treated with LVV-H7 may, possibly, explain lack of
anti-tumor effect for LVV-H7.

We used the spectrophotometric approach to confirm the formation of
DNA-H7 and DNA-LVV-H7 complexes in vitro by measuring differential
absorbance spectra (Fig.4). Registration of complexes with changed confor-
mation was detected in pM concentration ranges of peptides.
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Fig. 4. Differential absorbance spectra for DNA-LVV-H7 and DNA-H7 complexes in
comparison with absorbance spectrum for DNA from healthy rats liver.

Thus, the present study demonstrates that Ca,,/CaM/calcineurin/NFAT
pathway is involved in the molecular mechanisms of anti-tumor effect of H7
in vivo. One can speculate that H7 via modulation of Ca,/CaM/calcineurin/
NFAT pathways may affect different genes expression, including the
expression of tumor suppressing genes. This view is supported by our recent
findings indicating that H7 is able to regulate DNA-binding activity of
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NFAT, AP-1 and NF«B transcription factors in stimulated Jurkat T cells [6].
The ability of H7 to induce the inhibition of DNA methylation and to make
changes in thermodynamic parameters of DNA may also affect
transcriptional activity.

Taking into account all above mentioned, we propose that anti-tumor
effect of H7 is based on implication of different mechanisms directed to
recover the homeostatic disturbance in the organism in pathophysiology of

tumor.
ITlocrymnra 12.12.11

Zkunpdht-7-h hmjunmipmigpuyhtt mqpkgnipjut Unjklnyuyghe
Ukiwuhquubph ntunidbwuppnipenip in vivo

U.2. Pupjuniuquipyui, O.4. Zottwyui, $.1.Uwpnijuwiyu,
2.U. Untthwiyul, 2.2. Qupupjub, b.E. Sphgnpui, 6.8 Fwjju

8nyg E wipjws, np huywhu hbdnpdhu-7-h (H7), wyuybu bk
H7+nnpunpmiphghth (DOX) ubkpnpnujbughtt tkpuwpynudutpp wnw-
owiginid L ninnigph w&h Jhdwljugpnptt hwjwuwnh wpghjulnid 44.9 L
57.3 %-ny, hwdwywunwupwiwpwn, wjh ghypnwd, tpp LVV-hbdnp-
$hu-7-h (LVV-H7) ukpwplnudp sh pipnid ninnigph wéh hdwljugpn-
pkt hwjuwuwnh wpghjuldwi: Gpynt htdnpdhuttpt b Jipujutqund
Eu S-45-h wuwpndbhqhninghuynid puljddws Juyghubphuh wlwnhynte-
pinLun:

Uhypnyunphdtnphwyh dbpnngny npnobyng Yul-ukph Eupwg-
uthuyh wpdbpubkpp, npnip whouwndky £ LVV-H7-h, H7-h b H7+DOX-h
ubpnpnyujtughtt thpupynudubp winugus S-45-ny hhywin wnubwnuk-
nhg, puguwhwynyk) E, np Eupwjyhuwh wpdtpp dkdwunid E wmwppbp
Ytpy (12,8 Yywy/uny, 10,17 YYwy/dny b 10,1 Yhw/un] hmdwwyuwinwuhiw-
twpwpn) h hwdbkdwwn S-45-hg wupwwngws Fule-h Eupwjuyhuwyh wpdtph
(9,23 Yywy/dny): Bupwnpynid k, np mbknh £ miukinud Fufe-yhuunhny
ynuytipuh wnwewgnid: Ujp mbkuwljinnp hwunwwnygtg wnnne wntubwn-
ukph pupphg wipwngws Tul-h hbkn whwnhnutph Jutdwb nh-
dtiptughw) uytlwnpukph in vitro gqpuugdw vhongny:

YQuipsnid Lup, np Fu@-h Eupwjuyhwyh wpdbpubph dhol mwppk-
poipjniup, npp phuynud E S-45-h 4ypu LVV-H7-h b H7-h in vivo wqnk-
gnipjudp, Jupnn E puguwnpl) LVV-H7-h tbpupyuwt niypnid ninnig-
ph wdh Jhdwljugpnpkt hwjwunh wpghjuldwt puguljuynipiniup:
S-45-h Jpw H7-h b H7+DOX-h in vivo wqplgnipjut nhypnid Fufe-h
Eupwjyhuwjh gptpt dhwidwb wpdbputpp hhup b tnwhu Gupwunpbine,
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np H7-h hwlwunipnigpujhtt wqpbgmpmiuip DOX-h tdwbh bu wwy-
dwtwynpywsé k ninnigpuyhti pohoubph wunuwnngh upwbdwudp:

Gupwnpyniud k, np H7-np in vivo wqnnid £ wnwupptp dnjkyniyugh
Ukjpwuhquubpny Jhpuubqubnt  hwdwp S-45-h  wwpndhqhnin-
ghuwynud fhwpwupyws opquthquh hndknuwnwqnp:

W3yueHre MOJIEKYIIPHEIX MEXaHHU3MOB IIPOTHBOOIIYXOJIEBOTO
s¢d¢exra remoppuna-7 in vivo

H.A. Bapxyaapss, O.B. YHausu, @.I1. Capyxauss, I'M. Crenanss,
D.A. 3akapsan, 11.D. I'puropss, E.B. anau

[TokasaHo, 4TO BHYTPHMOPIONIMHHBIE WHBEKINM KaK reMopduHa-7/
(H7), tax u  H7+poxcopy6unuua (DOX) BBI3BIBAIOT CTaTUCTUYECKU
IOCTOBepHOe UHTHOuMpoBaHMe pocra omyxonu Ha 449 % u 57,3%
COOTBETCTBEHHO, B TO BpeMs Kak uHbekuuu LVV-remopopuna-7 (LVV- H7)
He BBI3BIBAIOT CTAaTUCTHUYECKH [OCTOBEPHOTO WHTHOMPOBAaHUA POCTa
omyxonu. Oba remopduHa BOCCTAHABIWBAIM AKTHUBHOCTH KaJIbI[MHEWPHUHA,
IIO/IaBJIEHHYIO pu AaTO(U3UOIOTUH S-45. Hcnonp3oBanue
MUKPOKQJIOPUMETPUIECKOTO METO A I OIIpefe/leHUsI BeIUYUH DHTATBIINU
OHK, Beigenennoit u3 S-45 Kphic, NOJXYYMBIIMX BHYTPHUOPIOUIMHHBIE
nabekiuu LVV-H7, H7 u H7+DOX, BbIABMIO pasIuyHOe yBeIHUYeHUE
BenvunH sHranbmuu (12,8; 10,17 u 10,1 kKau/MoJb COOTBETCTBEHHO), IIO
cpaBHenuto ¢ BenwuuHoy sHrambnuu JHK, Boimemenno#t u3 S-45 (9,23
KKaJI/MOJIb). MBI IIpeAII0I0XIIIN, YTO UMeeT MeCTO 00pa3oBaHUe KOMILIEKCa
JHK-nentun. Dro MHeHWe NOATBEpIUIOCh I VILIO U3MepeHueM
IuddepeHIMATBHBIX CIIEKTPOB noriouenus nentuzgos ¢ JHK, Beipenrennoi
M3  TleYeHU 3J0pOBBIX KpbIC. JlymMaercs, 4YTO pasHUIlA B BeJIWYMHAX
suranenuu [HK, B ciyuae in vivo BosgeiictBus LVV-H7 u H7 na S-45,
MOYKeT OOBACHUTD OTCYTCTBUE CTATUCTHYECKU ITOCTOBEPHOTO
MHTUOUpOoBaHUA pocra omyxonu 1pu wuHbeknuu LVV-H7. Ilourn
onuHakoBsle BesnuuHsl sHTANBINH JJHK, B cirygae in vivo Bosgeiicteua H7
n H7+DOX wa S-45, pgamoT OCHOBaHHME IIPEJIOJOXHUTB, YTO
nporuBoomnryxoneBsrii adpdexr H7, momobmo DOX, Takxe oOcHOBaH Ha
cioco6HocTr H7 crumynupoBaTh Npoliecc alonTo3a OIyXOJIEBBIX KJIETOK.
IIpepnonaraercs, uro H7 meficTByeT in vivo pasmuYHBIMU MOJIEKYIAPHBIMU
MeXaHU3MaMH [JJI BOCCTAHOBJIEHHS HApyLIEHHOTO TIOMeOCTasa IIpH
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aToU3NOIOTUHN
S-45.
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