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A B S T R A C T   

An in vivo study of a photoswitchable cytotoxic peptide LMB040 has been undertaken on a chemically induced 
hepatocellular carcinoma model in immunocompetent rats. We analysed the pharmacokinetic profile of the less 
toxic photoform (“ring-closed” dithienylethene) of the compound in tumors, plasma, and healthy liver. 
Accordingly, the peptide can reach a tumor concentration sufficiently high to exert a cytotoxic effect upon 
photoconversion into the more active (“ring-open”) photoform. Tissue morphology, histology, redox state of the 
liver, and hepatic biochemical parameters in blood serum were analysed upon treatment with (i) the less active 
photoform, (ii) the in vivo light-activated alternative photoform, and (iii) compared with a reference chemo
therapeutic 5-fluorouracil. We found that application of the less toxic form followed by a delayed in vivo pho
toconversion into the more toxic ring-open form of LMB040 led to a higher overall survival of the animals, and 
signs of enhanced immune response were observed compared to the untreated animals.   

1. Introduction 

Natural and artificial biologically active peptides are steadily making 
their way from scientific laboratories to clinics [1–3]. Particular prog
ress has been made in translational research of cytotoxic antimicrobial 
peptides (AMPs) [4,5]. Many AMPs which demonstrate toxicity against 
eukaryotic cells have been repurposed for applications in clinical 
oncology [6–13]. Major hurdles along this avenue have been, and still 
remain the unfavorable pharmacokinetic (PK) profiles and enhanced 
systemic toxicity of typical AMPs [11–14]. The latter is caused by un
specific cellular toxicity, which was identified as the primary reason for 
numerous failures of AMPs in advanced clinical development [1,3,5]. 
Therefore, much effort has been put into developing novel drug delivery 

strategies, optimizing the pharmacological characteristics of AMPs and 
increasing their in vivo selectivity towards prokaryotic or malignant cells 
[1,15,16]. 

One of the promising novel approaches to alleviate excessive sys
temic toxicity and improve spatiotemporal selectivity of anticancer drug 
candidates is based on photocontrolled biologically active compounds 
(we call such compounds “lumobiotics”). Lumobiotics contain photo
isomerisable fragments within their molecular framework. Hence, they 
may exist in at least two photoisomeric forms (photoforms), which are 
interconvertible by irradiation with light of different wavelengths 
(Fig. 1A). They are designed to be less bioactive and less toxic in one of 
the photoforms, while being more active and possessing the desired 
(high) level of biological activity when converted into the other 
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photoform. Photoisomerisable peptides have been intensively studied 
for many decades [17–23], and these efforts began finally to pay off in 
the medicinal chemistry field [24]. It has been postulated that such 
compounds, if administered in the less active forms and activated by 
light at the site of desired action (lesion, local inflammation, tumor, etc), 
might be safer drug candidates than the original, non-photocontrollable 
analogues due to decreased side toxicity. We have recently demon
strated in vivo that this is true for photocontrollable cytolytic peptides 
(PCPs) – derivatives of AMPs – in treating solid tumors [25,26]. Thus, in 
vivo generation of the bioactive form by applying light at the site of a 
tumor or any other desirable location can be regarded as a spatiotem
porally controlled delivery of the therapeutic (Fig. 1B) that should 
enhance the translational potential of any such class of compounds. We 
identified previously, that the in vivo biodistribution of PCPs upon sys
temic administration could be an issue in itself: alternative photoforms 
may have different PK profiles and tissue accumulation patterns. We 
argue, however, that the “unfavorable” PK can offer advantages for drug 
development, at least in the case of PCPs. The dosage and the light 
application regiment could be optimised for using a cytotoxic PCP in 
those tissues where the less active, initially administered photoform 
accumulates most, and where the active form is retained for the longest 
time. This approach, called the “PK/PD-driven” (PD = pharmacody
namics) drug development, has been discussed in the literature for quite 
a while [27]. 

Therefore, the main objective of the present study was to use the 
prior knowledge of the in vivo biodistribution for two photoforms of the 
cytolytic lumobiotic LMB040. We carried out confirmatory PK and 
proceeded with the PD studies of antitumor efficacy, using a PK profile- 
suggested cancer murine model, analysed the outcome in more detail 
and compared it to a benchmark chemotherapeutic. 

2. Materials and Methods 

2.1. Materials 

The diethylnitrosamine (DEN, >95% chemical purity as analysed by 
gas chromatography/mass spectrometry) was obtained from Sigma- 
Aldrich. Carbon tetrachloride was distilled before use. Reagents for 
the biochemical tests and pharmacokinetics study were from Sigma- 

Aldrich or Fluka. The cytotoxic peptide LMB040 was synthesised using 
solid-phase peptide synthesis and prepared in its “ring-open” form, 
converted to the “ring-closed” form by irradiation with ultraviolet light 
(UV) and purified by preparative-scale high-performance liquid chro
matography (HPLC) to >90% of chemical purity, as confirmed by 
analytical HPLC following the procedure described in [25]. The 
elemental composition of the LMB040 was confirmed by the mass 
spectrometry data recorded on a Bruker Autoflex III instrument using 
matrix-assisted laser induced desorption/ionization (MALDI) with TOF 
(time of flight) detection. The fetal bovine serum (FBS) was acquired 
from Gibco Life Technologies. The trypsin- ethylenediaminetetraacetic 
acid (EDTA), phenylmethylsulfonyl fluoride (PMSF), penicillin and 
streptomycin were obtained from Merck. Dulbecco's modified Eagle's 
medium (DMEM) and Roswell Park Memorial Institute (RPMI) media 
were obtained from Hyclone, Dulbecco's phosphate-buffered saline 
(DPBS) was from Gibco. 

2.2. Animals and Tumor Model 

The study was carried out using outbred male Wistar rats, with an 
initial 110–130 g bodyweight, obtained from the animal facility of the 
Taras Shevchenko National University of Kyiv. All animals were accli
matised before the study. During the acclimatisation period (7 days), 4 
animals were kept per cage. All animals were monitored daily. The 
animals had free access to a standardised rat-chow diet and boiled tap 
water during the acclimatisation period and the experiment. Other 
housing conditions were: hygienic level - good conventional; type of 
animal cages - stainless steel wire mesh; cage size - H x W x D: 50 × 58 ×
30 cm; cleaning - by changing the bedding material twice a week; the 
number of animals per cage – 4 or less (in case of mortality); air ex
change - 15-20 times/h; temperature - 22 ± 3 ◦C; relative humidity - 
40–70%; lighting – 12 h light/dark cycles, except during treatment days, 
during which the animals were kept in darkness. 

The study was approved by the Bioethics Commission of Educational 
and Scientific Centre “Institute of Biology” of the Taras Shevchenko 
National University of Kyiv. It was performed following the ethical 
standards of the European Convention for the Protection of Vertebrate 
Animals used for Experimental and Other Scientific Purposes (Stras
bourg, 1986), OECD Guidance Document on the Recognition, 

Fig. 1. (A) Photoswitchable cytotoxic peptide LMB002, a predecessor of LMB040 [25]. The peptide is a derivative of a natural cytolytic peptide gramicidin S, 
obtained by substituting two amino acid residues with a photoswitchable diarylethene fragment. The ring-closed diarylethene fragment within the less toxic pho
toform is shown in grey, and its ring-open photoform is highlighted by red in the more active photoisomer. (B) Illustration of the principle of the in vivo photo- 
mediated PCP delivery. The peptide is administered in the less toxic photoform and is activated (photoconverted) inside the body by external application of light 
[43]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Assessment and Use of Clinical Signs as Humane End Points for Exper
imental Animals Used in Safety Evaluation (Series on Testing and 
Assessment, N◦19, ENV/JM/MONO (2000)7, OECD, Paris, 2000) [50], 
and General Ethical Principles of Experiments using Animals (First Na
tional Congress of Bioethics, Kyiv, 2001). 

DEN (200 mg/kg, dissolved in saline) was injected intraperitoneally 
to each animal. Two weeks afterwards, liver-damaging was initiated by 
administering CCl4 (0.1 ml/100 g, diluted with sunflower oil, 1:1) 
subcutaneously two times per week, throughout 22 weeks. 

2.3. Pharmacokinetic Study 

Animals with hepatocellular carcinoma (HCC) generated as 
described above (20 weeks after the DEN administration) were used for 
the PK study. All animals fasted (16 h) before dosing. Five time points (5, 
15, 60, 120 and 480 min) and intraperitoneal (IP) route of administra
tion was set for this study. Three randomly selected animals were taken 
for each time point. LMB040 dose level was 2.5 mg/kg, the concentra
tion in the injection formulation (saline) – 1.75 mg/ml, injected volume 
– 1.43 ml/kg. No obvious adverse effects were observed during this PK 
study. After decapitation of animals, blood collection was performed in 
BD Microtainers containing K3EDTA. Blood samples were centrifuged 
for 10 min at 3000 rpm. The malignant and healthy liver tissue samples 
were collected and weighed. All samples were immediately processed, 
flash-frozen and stored at − 70 ◦C until subsequent analysis. Solution of 
elacridar (400 ng/ml in water-methanol mixture 1:9, v/v) was used as 
internal standard (IS) to quantify LMB040 in plasma, liver and tumor 
samples. Plasma samples (40 μl) were mixed with 200 μl of IS solution. 
After mixing by pipetting and centrifuging for 4 min at 6000 rpm, 2 μl of 
each supernatant was used for the analysis. Liver and tumor samples 
(266–2649 mg) were homogenised with five parts of IS solution (1 w + 5 
v) by stainless steel beads (1000 mg ± 50 mg) in the 1600 MiniG 
homogeniser for 60–120 s at 1200–1600 g. After this, the samples were 
centrifuged for 4 min at 14000 rpm, and 2 μl of each supernatant was 
used for the analysis. 

Analyses of plasma samples were conducted by the Bioanalytical 
Laboratory at Enamine/Bienta. The concentration of LMB040 in the 
samples was determined using high-performance liquid chromatog
raphy/tandem mass spectrometry (HPLC-MS/MS). A Shimadzu HPLC 
system consisted of two isocratic LC-10ADvp pumps, a SIL-20 AC 
autosampler, an FCV-14AH sub-controller, and a DGU-14A degasser. 
Mass spectrometric analysis was performed using API 3000 (triple- 
quadrupole) instrument from AB Sciex with an electrospray (ESI) 
interface. The data acquisition and system control were performed using 
Analyst 1.6.3 (AB Sciex). The conditions for chromatographic separation 
were: column - YMC-Pack ODS-AQ (50 × 2 mm, 3 μm); column tem
perature - 30 ◦C; mobile phase А - acetonitrile:water:formic acid =
50:950:1; mobile phase B - acetonitrile:formic acid = 100:0.1; gradient - 
0 min 15% B, 1.0 min 100% B, 1.2 min 100% B, 1.21 min 15% B, finish - 
2.3 min; elution rate: 400 μl/min. A divert valve directed the flow to the 
detector from 1.4 to 1.9 min. MS/MS detection: scan type - positive 
MRM; ion source - turbo spray; ionization mode - ESI; nebulise gas flow - 
15 l/min; curtain gas - 8 l/min; collision gas - 4 l/min; ion spray voltage - 
5000 V; temperature - 400 ◦C. Calibration curves were obtained using a 
separate sample of LMB040 (ring-closed). 

2.4. Treatment Efficacy Study 

A group of normal healthy control animals (Group 1, n = 8) received 
only solvents (saline or sunflower oil) of the same volume, administra
tion route and at the same time points as the experimental animals 
where HCC was generated. Four experimental animal groups (n = 8) 
bearing the HCC were assembled: (Group 2) HCC-bearing animals that 
received no treatment; (Group 3) 5-FU-treated HCC-bearing animals. 
The treatment in this group started from the 16th week. Clinically used 
fluorouracil (5-FU) formulation (Ebewe Pharma, 50 mg/ml of the active 

substance) was injected into the animals from this group intraperito
neally, once per week at the dose of 15 mg/kg, until week 22; (Group 4) 
HCC-bearing animals which received LMB040 treatment combined with 
irradiation. The treatment started at the beginning of the 21st week. The 
compound was injected intraperitoneally (10 mg/kg in 0.5 ml of saline). 
After 4 h, the abdominal surface of the animals in the area of the liver 
projection was irradiated (~100 mW/cm2, 15 min, red laser λmax = 650 
nm). After the LMB040 injection, the animals were kept in darkness for 
48 h to avoid uncontrolled LMB040 activation, and the procedure 
(LMB040 injection, irradiation, darkness for 48 h) was repeated. After 
the second treatment, two animals of this group died in 1 and 3 h after 
the compound administration. Immediately before the death, these an
imals were inactive. We suggest that this happened due to idiosyncratic 
reactions; (Group 5) the animals of this group received the same treat
ment as Group 4, but without the irradiation. The experiment was 
terminated after 22 weeks (2 weeks since the last treatment by LMB040). 
Half of the animals from each group (n = 4 for Groups 1, 3, 5; n = 3 for 
groups 2, 4) were sacrificed by cervical dislocation after CO2 anesthesia. 
In addition, when the signs of morbidity appeared (recumbent posture, 
labored breathing, unresponsiveness), the animals were sacrificed as 
well. The other half subjects were left for the survival test. 

2.5. Necroscopy 

The sacrificed animals were subjected to necropsy; the liver damage 
was assessed by two independent investigators using the following 
scoring system [28]: grade 0 = reddish-brown in colour, soft inconsis
tency, smooth surface, 1 = the liver was enlarged, friable, soft incon
sistency, 2 = hepatic hyperemia, 3 = an enlarged liver with white focal 
areas of necrosis, 4 = an enlarged liver with white multifocal areas of 
necrosis, 5 = hepatic steatosis, the liver is soft, yellow, greasy, enlarged, 
6 = the liver is mottled red with bile stained areas, of normal or 
increased size, 7 = contains visible nodules and fibrosis, 8 = micro
nodular, yellow, fatty, enlarged, 9 = macronodular, brown, non-greasy, 
shrunken, cirrhosis, 10 = explanted liver showing small single granules 
bodies, 11 = explanted liver showing large single granules bodies,12 =
explanted liver showing many small granules bodies, 13 = explanted 
liver showing many large granules bodies. 

2.6. Microscopy 

Sections from the dissected liver tissues were collected immediately 
after the sacrifice of the animals and fixed in 10% formalin buffered with 
0.1 M phosphate buffer (pH 7.2). Each paraffin section (4 μm thickness) 
was prepared and stained with hematoxylin and eosin stains (H&E). The 
specimens were examined using the microscopes Olympus BX41 
(Olympus Europe) and Primo Star (Carl Zeiss) at х100, х400 magnifi
cation. Digital cameras Olympus C-5050 Zoom and Sigeta LCMOS 9000 
9.0MP (Sigeta) were used to obtain images. The following characteris
tics assessed overall liver tissue condition: typical/atypical histological 
structure of the tissue; shape and structure of the cells; colouration; level 
of an inflammatory process (infiltration of leukocytes of the stroma and 
parenchyma); fibrosis (abnormal connective tissue accumulation and 
incorporation in liver parenchyma); the state of the vascular bed. The 
level of fibrosis was assessed using the scoring system developed by 
Ishak [29,30]: 0 = no fibrosis, 1 = fibrous growths in some portal areas 
without or with short fibrous septa, 2 = fibrous growths in most portal 
areas without or with short fibrous septa, 3 = fibrous growths in most 
portal areas with single portal-portal septa, 4 = fibrous growths in most 
portal areas with pronounced portal-portal and portal-central septa, 5 =
pronounced septa with single nodes, 6 = it is possible to establish 
cirrhosis. 

2.7. Biochemistry 

Immediately after the sacrifice of animals, the blood samples were 
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harvested from their femoral vein, left for 20 min to form a clot, after 
which the blood was centrifuged for 10 min at 3000 g. The serum ob
tained was subjected to the following tests, using standard sets of re
agents: activity tests for the enzymes alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase (ALP), 
α-amylase (AML), lactate dehydrogenase (LDH); gamma-glutamyl- 
transpeptidase (GGT); urea, total (TB) and conjugated (CB) bilirubin, 
triglycerides, total protein levels were determined. 

The livers were washed with saline containing 1 mM EDTA and 0.4 
mM PMSF at pH 7.0 and flush-frozen at − 70 ◦C. After thawing, the 
samples were gently homogenised in saline containing 1 mM EDTA and 
0.4 mM PMSF, filtered through 4 layers of gauze, centrifuged at 10000 g 
for 15 min to precipitate nuclei and mitochondria. The supernatant was 
collected and used for the analyses. The total protein content was 
determined by literature procedures [31]. 

Levels of malonic dialdehyde (MDA), carbonyl groups of proteins 
(PCG) and reduced glutathione (GSH), the activity of intracellular su
peroxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GP) 
and total glutathione-S-transferase (GST) were determined spectropho
tometrically and expressed per mg of protein. 

The level of MDA was evaluated by reaction with thiobarbituric acid 
[32]. Chromogen absorption was determined at 532 nm, the content of 
lipid peroxidation products was expressed as MDA using the molar 
extinction coefficient of 1.56 × 105 M− 1 cm− 1. 

Protein carbonyls, a marker of global protein oxidation, were 
determined by the derivatising of the oxidised protein amino acid resi
dues with dinitrophenylhydrazine [33]. The amount of stable 2,4-dini
trophenylhydrazone products was quantified at 370 nm, and the 
oxidised protein content was expressed as the amount of 2,4-dinitrophe
nylhydrazone using the molar extinction coefficient of 2.2⋅104 M− 1 

cm− 1. 
The level of GSH was evaluated based on its ability to oxidise 5,5′- 

dithiobis- (2-nitrobenzoic acid) to form GSSG and 5-thio-2-nitrobenzoic 
acid (TNB), which has a maximum absorption at 412 nm [34]. 

Superoxide dismutase activity was evaluated by analysing its ability 
to inhibit the reduction of Nitro blue tetrazolium chloride (NBT) by 
riboflavin [35]. 

Formation of O2− (and reduction of NBT to formazan) was initiated 
by illumination (bright sunlight) for 10 min, and the absorbance was 
determined at 540 nm. The unit of activity was considered to be the 
amount of enzyme required to inhibit NBT reduction by 1%. 

Catalase activity was assessed by the reaction of H2O2 with molyb
denum salts [36]. The reaction was initiated by adding 0.03% aqueous 
H2O2 solution to the analysed supernatant and was stopped after 10 min 
by adding 4% aqueous ammonium molybdate solution. Chromogen 
absorption was determined at 410 nm, and catalase activity was 
expressed as the rate of H2O2 decomposition using a molar extinction 
coefficient of 22.2 M− 1 cm− 1. 

Glutathione peroxidase activity was assessed by determining the 
amount of unreacted GSH after adding to the reaction mixture and in
cubation with t-butyl hydroperoxide [37]. The amount of GSH was 
determined as described above. The total glutathione-S-transferase ac
tivity was assessed by measuring the binding of 1-chloro-2,4-dinitroben
zene to GSH, accompanied by an increase in absorption at 340 nm [38]. 
The molar extinction coefficient of 9600 M− 1 cm− 1 was used. 

2.8. Survival 

The Kaplan-Meier method was used for the analysis. After comple
tion of treatment, the animals (half from each group, i.e. n = 4) were left 
for the survival test. No manipulations were performed with the animals 
during this period except weekly weighing. 

2.9. Lymphoid Organ Index 

The weights of lymphoid organs (thymus and spleen), their indices in 

relation to the body weight of animals were evaluated as follows: rats 
were pre-weighed to control weight during tumor growth. After eutha
nasia, the animals were dissected, lymphoid organs (thymus and spleen) 
removed, and their weight determined. Indices of lymphoid organs in 
relation to the body weight of animals were calculated by the formula: 

Lymphoid organ index = Lymphoid organ weight/Animal weight 

2.10. Lymphoid Cells Isolation 

Lymphocytes from the spleen and thymus of experimental animals 
were isolated from grinding tissue (had fixed weight) in a Potter 
homogeniser. Obtained cells were filtered through 70 μm filter and 
lymphocyte isolation was performed by centrifugation on the Histo
paque®-1077 density gradient (Sigma) at 400 g for 30 min. After that, 
lymphocytes were carefully selected with Pasteur pipette, twice washed 
in DPBS and counted in Goryaev chamber. Flow cytometry was used to 
determine the number of T-cells (CD3+ cells) in the lymphocyte cell 
suspension. 

2.11. Flow Cytometry 

Determination of the T-cell subpopulation was performed by flow 
cytometry using anti-rat mouse CD3 Monoclonal Antibody FITC (Invi
trogen). The number of T-cells was determined from the total cell pop
ulation preliminary counting them with a Goryaev chamber. 

Cells at concentration 1 × 105 cells were used to prepare each sample 
(taking into account the weight of the lymphoid organ). Cell suspension 
was pelleted by centrifugation at 400 g for 5 min and washed with DPBS. 
To the cell suspension were added 10 μL of CD3 FITC Monoclonal 
Antibody and incubated for 20 min at 4 ◦C (protected from sunlight). 
The samples were washed with 2 ml of DPBS for 10 min at 400 g. The 
pellet was fixed by adding 400 μl of 0.4% formalin solution in DPBS. 
Sample measurements were performed at least within 3 days on flow 
cytometer FACS Calibur (Becton Dickinson) with 488 nm argon and 635 
nm diode lasers using CellQuest PRO software (Becton Dickinson). 
Number of T-cells was calculated as: 

Number of T-cells = (Lymphoid cell amount × CD3+ cell percentage)/ 
weight of lymphoid tissue speciment. 

2.12. Statistical Analysis 

The data were checked for normality of distribution. ANOVA was 
used under conditions of the normal distribution; under conditions of 
abnormal distribution, the Mann-Whitney test was applied. 

3. Results and Discussion 

Our previous PK studies on a syngeneic heterotopic tumor mouse 
model [25] have demonstrated that a representative membranolytic 
PCP, LMB002 (Fig. 1A), possess different biodistribution profiles for its 
two thermostable photoforms. Upon intravenous bolus injection of the 
photoform mixture, the less active (ring-closed) isomer accumulated 
significantly in the kidneys, lung, heart and liver. Furthermore, it 
demonstrated the most prolonged residence in tumor tissues, whereas 
the activated (ring-open) form resided the longest time and accumulated 
mainly in the liver. The high blood supply could explain the specificity 
of the biodistribution of the more soluble ring-closed LMB002 to the 
accumulating organs. In contrast, the difference in the accumulation of 
the ring-open photoform could be attributed to the higher lipophilicity 
of the photoisomer. Taking into account the PK data, we hypothesize 
that membranolytic PCPs like LMB002 should be most efficient in 
treating malignancies either in kidneys (highest inactive form accumu
lation) or in the liver (longest active form residence). In order to verify 
this hypothesis, we carried out a PK study for an analogous PCP, 
LMB040 [39], on the advanced chemically induced hepatocellular car
cinoma (HCC) in rats. Notably, treatment of the advanced HCC in 
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humans by current treatment modalities has had rather limited success, 
and novel therapies are therefore of great interest [40–42]. 

To generate advanced HCC in rats for this study, we used a single- 
dose injection of the tissue-nonspecific genotoxicant, diethylnitros
amine (DEN), followed by repeated dosing of hepatic toxin carbon tet
rachloride (CCl4). This model is orthotopic and is characterised by the 
development of chronic inflammatory environmental characteristics of 
human HCC [44]. Furthermore, several publications have reported that 
the DEN/CCl4-induced HCC generates tumors in rats that match by 
certain genetic characteristics the tumors in human HCC patients 
[45,46]. In addition, the use of immunocompetent animals provided a 
possibility to assess the immune response to the therapy, which is 
important for the design of future treatment strategies, especially in 
combination with currently popular immuno-oncologic approaches 
[42]. 

The PCP explored in this study, the photocontrollable gramicidin S 
analogue LMB040, is a cyclic molecule possessing a dithienylethene 
photoisomerisable fragment in the peptide backbone. The fragment 
undergoes reversible electrocyclic reaction upon irradiation with light; 
the UV light (~360 nm wavelength) creates the ring-closed photoform, 
while the red light (~650 nm) induces the formation of the ring-open 
photoform, as illustrated in Fig. 1A for LMB002. Both photoforms of 
LMB040 are sufficiently thermally stable and can be isolated, purified 
and studied separately. Furthermore, we have previously shown in a 
murine allograft model that a lumobiotic of this type can be adminis
tered in its ring-closed, less active form and then be activated directly in 
the tumor by irradiation with tissue-benign red light. In live animals, 
this activation has been efficient up to a depth of 1 cm [25,47]. Judging 
from the acute toxicity difference in mice between the two photoforms 
of five related PCP compounds (LD50 of ring-closed vs. LD50 of ring- 
open form), LMB040 is so far the safest lumobiotic in our hands [25]. 

According to our hypothesis, here we have first studied the PK of the 
less active LMB040 (ring-closed) in rats bearing advanced HCC (after 20 
weeks from the initial DEN administration). The time-depended 
LMB040 concentrations in blood plasma, healthy liver tissue, and 
tumor tissue are shown in Fig. 2, and selected PK parameters are sum
marised in Table 1. 

The concentration of the less active form in liver tissue was found to 

be almost as high as in plasma (liver and tumor tissue Cmax are about 
70–80% of the plasma value). It reached the highest healthy tissue 
concentration within approximately 2 h (Tmax). We also note a differ
ence with regard to the previous mouse PK data, where liver Cmax for the 
LMB002 ring-closed photoform was about 30% of the plasma value. 
Correspondingly, AUC0 → ∞ values in the liver in the previous experi
ments were about twice smaller than the plasma values. All three AUC0 

→ ∞, which we determined in the current experiment, are very similar. 
The elimination rate is comparable for both plasma and healthy liver 
tissue, and the residence time is sufficiently long (the half-life T1/2 is 287 
and 360 min, correspondingly). However, the PK profile in HCC tissue is 
different: the concentration reached its maximum within less than half 
an hour, and thereafter receded much slower (T1/2 of 681 min). 

Judging from the observed LMB040 ring-closed PK data, one might 
conclude that the ideal time point for the photoactivation of the lumo
biotic would be at around 15 min after the IP administration, when the 
LMB040 concentration in tumor tissue is the highest; however, the 
illumination procedure itself takes time in the range of tens of minutes. 
Therefore, we selected a later timepoint to start the photoactivation in 
the therapeutic experiment. We argued that the intra-tissue drug acti
vation/delivery in our experiment could be safely started once LMB040 
is partly cleared from the plasma and healthy tissue, being at the same 
time almost constant and relatively high in the tumors and their sur
roundings (i.e. in 4–6 h). 

We chose a well-known anticancer chemotherapeutic 5-fluorouracil 
(5-FU) as a benchmark in the therapeutic experiment. This pyrimidine- 
derived antimetabolite, which acts primarily through inhibition of 
thymidylate synthase, is a common treatment agent in established reg
imens against many carcinomas and sarcomas, including HCC. Its effi
ciency in treating human metastatic HCC has been demonstrated long 
ago [48]. However, the development of a 5-FU-resistant hepatocellular 
carcinoma cell lines has been reported to limit the therapy [49]. 

Schematically, the experiment design and experimental group des
ignations (Groups 2–5) are illustrated in Fig. 3 (Group 1 was composed 
of the healthy untreated animals for the intact control). 

The primary endpoint of the experiment was the median overall 
survival of the animals. Animals that were moribund or in a state of 
impending death [50] were euthanised to avoid unnecessary suffering, 
pain and distress, and these were counted as those who died during the 
study. In addition, we monitored the appearance and weight of all ani
mals during the experiment. Finally, we measured their biochemical 
parameters reflecting the pathological processes in the liver of the 
sacrificed animals and characterised post mortem liver organs morpho
logically and histologically at week 24. 

Animals appeared normal during the experiment, without any per
sisted signs of toxicity. Those few subjects that died during the study 
demonstrated body weight loss 1 or 2 weeks before death, and were 
observed possessing ungroomed fur. There was a substantial difference 
in the body weight between control healthy animals (Group 1) and HCC- 
bearing ones starting from the 20th week of the study, with no signifi
cant difference between Groups 2 to 5 (Fig. 4). We noted a tendency to 
decrease body weight in the 5-FU-treated HCC-bearing animals during 
the 5-FU interventions. After stopping the 5-FU administration, the body 
weight of the animals in the Group 3 seemed to stabilise. In the animals 
administered with LBM040 (Groups 4 and 5), we observed slight body 

Fig. 2. Concentration-time curves for the ring-closed photoform in advanced 
HCC-bearing rats following IP administration (2.5 mg/kg). 

Table 1 
Selected pharmacokinetic parametersa for LMB040 (ring-closed) determined in advanced HCC-bearing rats following IP administration (2.5 mg/kg).  

Tissue Tmax, min Cmax, ng/ml(g) AUC0 → t = 480, μg.min/ml(g) AUC0 → ∞, μg.min/ml(g) T1/2, min Kel, min− 1 MRT (last), min 

plasma 120 5730 1960 2950 287 0.00241 188 
healthy liver 120 4200 1490 2590 360 0.00192 200 
tumor (liver) 15 4620 1150 2960 681 0.00102 202  

a Tmax – time of maximum compound concentration; Cmax – maximum concentration; AUC0 → t = 480 – area under the concentration vs time curve till the last time 
point measured; AUC0 → ∞ area under the concentration vs time curve extrapolated to infinite time; T1/2 – half-life of the compound; Kel – elimination rate constant; 
MRT (last) – mean residence time from the time of dosing to the time of last measurable concentration; 
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weight reduction at the week when interventions were performed, with 
subsequent body weight recovery (Fig. 4). 

Representative images of the specimens for macroscopic and histol
ogy liver inspections are shown in Fig. 5 and Fig. 6. Results of the 
analysis of liver samples for total damage and for fibrosis (Ischak 
scoring) are listed in Table 2. 

At the 24th week of the HCC generation, the livers of the untreated 
control animals (Group 2, n = 3) were characterised by multiple nodes of 
different sizes on the background of pronounced cirrhotic changes. The 
organs appeared dark, indicating blood stasis (Fig. 5B). Histology ex
amination (Fig. 6B) revealed significant cirrhosis in the liver tissue (in 
the areas without visible signs of tumors). Large areas containing hy
pertrophied parenchymal cells with no cytoplasmic granulation were 
observed (presumably indicating focal nodular hyperplasia or hepato
cellular adenoma) [51], as well as the areas of highly differentiated HCC 
cells. In addition, we noted dystrophic changes in the cytoplasm of some 
hepatocytes (eosinophilic or basophilic alteration), which often 

contained enlarged nuclei with decondensed chromatin (signs of 
increased activity). Dilated blood capillaries were overfilled with blood, 
suggesting a portal hypertension. 

The livers of animals treated with 5-FU for seven weeks under the 
condition of malignant liver degeneration (Group 3, n = 4, Fig. 5C) 
mainly corresponded to that of the untreated animals: multiple light 
nodules of different sizes on the background of cirrhosis were observed 
in both, light and dark liver tissue areas. In the histology analysis, sig
nificant inhibition of cirrhotic changes (by 35%) was evident: the porto- 
portal septa were thin, the morphology of the liver between septa 
appeared intact, fibrotic outgrowths regions were often limited to portal 
areas without interconnections (Fig. 6E). However, eosinophilic alter
ation of some hepatocytes, signs of portal hypertension, and areas of 
focal nodular hyperplasia/adenoma were also observable in the speci
mens from this group. 

The livers of animals treated with LMB040 (n = 4, Group 5) were of 
normal consistency, demonstrating typical (red-brown) colour, the 

Fig. 3. Experimental group designations, tumor generation protocol (grey), schedule of the therapeutic experiment (peach/orange, lightning signs show the start of 
irradiation which lasted 15 min) carried out on the HCC-bearing male Wistar rats. Randomised separation of the subjects into two (n = 4) subgroups was planned at 
the 24th week. One subgroup was for necroscopy, histology, biochemistry (designated “analysis”, blue) and the second - for survival estimation (“survival”, green). 
Group 1 is a physiology control without HCC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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organs possessed smooth edges, but individual tumor nodules were 
clearly seen on the inner surface of the lobes (Fig. 5D,E). Although 
macronodular cirrhosis was expressed in a single rat, the tumor nodules 
in this animal were observed only on the liver surface. Cirrhosis 
appeared mild according to histological analysis (Fig. 6F): porto-portal 
septa were not numerous, thin, and not always connective; the overall 
structure of the liver was not impaired, and significant suppression of 
fibrosis was observed compared with the untreated HCC-bearing ani
mals (by 75%, Ischak score). However, liver hepatocytes eosinophilic/ 
basophilic alteration remained, sometimes with clear focal nodular hy
perplasia/adenoma. 

The livers of the animals irradiated after the LMB040 administration 
(n = 3, Group 5) had uneven, bumpy surfaces, although the organs were 
of normal consistency and had smooth edges (Fig. 5F). Tumor nodules 
were of relatively small size; light spots (probably necrotic foci) were 
observed on the inner surface of the lobes and partially on the outer. 
Overall, the state of the liver appeared “worse” than in animals that were 
not exposed to irradiation. The symptoms of tissue cirrhosis were 
stronger manifested: porto-portal septa were more pronounced, and 
most appeared to be interconnected. Individual hepatocytes showed 
signs of eosinophilic/basophilic alteration and dystrophic changes. In 
addition, areas of focal nodular hyperplasia/adenoma were observed, 

and there were clear foci of necrosis (Fig. 6H) in the connective tissue of 
the septa. Conclusions about the extent of the liver damage in different 
animal groups described above are corroborated by the quantitative 
indices shown in Table 2. 

We measured selected hepatic biochemical indicators in the rat 
serum at week 24 to characterise liver and bile duct function in HCC- 
bearing animals and the effect of different treatment regimens. 
Namely, we measured the activity of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase (ALP), 
α-amylase (AML), lactate dehydrogenase (LDH); gamma-glutamyl- 
transpeptidase (GGT). We also analysed the levels of urea, total and 
conjugated bilirubin, triglycerides, and total protein level. In addition, 
as the markers of the redox state of the liver, levels of malonic dia
ldehyde (MDA), carbonyl groups of proteins (PCG) and reduced gluta
thione (GSH), the activities of intracellular superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GP) and total glutathione-S- 
transferase (GST) were determined in the liver samples. The obtained 
values are shown in Fig. 7 (serum analysis) and Table 3 (liver tissue 
analysis). 

Compared to the intact (healthy) animals, the following changes in 
the serum of the HCC-bearing non-treated rats were statistically signif
icant: increase in the amount of conjugated and total bilirubin (by 2.7 
and 2.3 times, respectively), total protein (by 33%), AST activity (by 
74%), GGT activity (by 4.8 times). However, other measured indicators 
changed insignificantly. The lack of observable changes in the values of 
ALT, ALP and LDH can be explained by the massive replacement of the 
liver parenchyma with connective and tumor tissue. The process could 
result in a smaller number of normally functioning hepatocytes and, 
accordingly, the total activity of the enzymes remained within normal 
limits instead of being elevated. 

In the animals treated by 5-FU, the serum levels of conjugated and 
total bilirubin were significantly lower than in the HCC-bearing non- 
treated group (by 43% and 36%, respectively) but remained elevated 
relative to the healthy control (by 56% and 50%, respectively). Signs of 
oxidative stress were observed in the liver by increased levels of MDA 
and PCG (by 3.7 and 3.9 times, respectively). The activities of the 
antioxidant enzymes and the reduced glutathione content also increased 
(by 1.9–7.7 times), suggesting a secondary adaptation of tumors to 
oxidative stress, typical for HCC [52,53]. AST and GGT activities 
remained at the level of the untreated HCC group, and only AML activity 

Fig. 4. Body weight dynamics from the 16th (when 5-FU treatment was started, 
indicated with an arrowhead) to the 54th week (the end of the study). The time 
point of LMB040 intervention (21st week) is indicated with an arrow. 

Fig. 5. Representative images of livers immediately after the necropsy. (A) Intact animals (Group 1); (B) HCC-bearing non-treated control animals (Group 2); (C) 
HCC-bearing animals treated with 5-FU (Group 3); (D, E) rats with HCC treated with LMB040 (Group 4); (E) inner liver lobes are shown; (F) HCC-bearing animals 
treated with LMB040 plus irradiation (Group 5). 
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decreased (by 55%). The content of peroxidation products of proteins 
and lipids decreased compared to untreated HCC-bearing animals (by 
41% and 53%, respectively) but remained elevated relative to the 
healthy control (by 130% and 72%, respectively). The antioxidant ac
tivity of the enzymes remained similar, and the glutathione content 
reduced (36–89% compared to untreated HCC-bearing animals). The 
observed biomarker changes may indicate only a partial “normaliza
tion” of the redox balance in the liver, which probably reflects the 
overall “improvement” of liver condition. However, corroborating our 
necropsy results, the 5-FU therapy regiment does not appear to restore 
or compensate fibrotic degeneration to the full extend. 

In the group treated with LMB040, the bilirubin levels decreased 
compared to untreated HCC-bearing animals (by 23–51%), although 
they remained elevated compared to the healthy control (by 34–68%). 
AST and GGT activities decreased to normal. The values of other in
dicators did not differ significantly from the HCC-bearing control. Signs 

of oxidative stress in the liver persisted (increased MDA, PCG, SOD and 
GSH by 2–2.75 times compared with controls) but were less pronounced 
than in the untreated HCC-bearing animals (decrease by 21–65%). 
Accompanied with the decrease in the severity of cirrhotic changes and 
“normalization” of the functional state of the liver (beneficial treatment 
outcome is more pronounced than in the group treated with 5-FU), 
partial preservation of the signs of oxidative stress remained. Such 
overall therapy response may be due to the mechanism of LMB040 
cytotoxic action, which we hypothesize is similar to the mechanism of 
action of the prototype cytolytic peptide gramicidin S. Namely, impaired 
cell membrane permeability (including mitochondrial), separation of 
respiration and oxidative phosphorylation, and induction of oxidative 
stress may explain the observed biochemical data, especially consid
ering that the non-cancerous cells are less amenable to the direct com
pound action [36]. 

The serum and liver samples from the group treated with LMB040 

Fig. 6. Representative images of the histological examination of the liver tissue. (A) Intact animals (Group 1), ×100; (B, C, D) HCC-bearing non-treated control 
(Group 2): (B) × 100, fibrotic growth is visible, cirrhosis, (C) × 400, highly differentiated hepatocellular carcinoma, (D) × 100, area of focal nodular hyperplasia/ 
hepatocellular adenoma; (E) 5-FU-treated animals (Group 3); (F) animals treated with LMB040 (Group 5), fibrous growth; (G, H) HCC-bearing rats treated with 
LMB040 plus irradiation (Group 4): (G) × 100, area of focal nodular hyperplasia/hepatocellular adenoma; (H) × 400, necrosis zone. Arrows mark porto-portal 
linking septa, asterisks mark blood vessel dilations, triangles indicate hepatocellular hypertrophy; hepatocytes eosinophilic alterations are marked by squares, he
patocytes basophilic alterations are marked by diamonds; 

Table 2 
Analysis of the rat liver damage (median [25;75] percentiles).  

Indicator Group 1 
(n = 4) 

Group 2 (n = 3) Group 3 (n = 4) Group 4 (n = 3) Group 5 (n = 4) 

Overall damage 0.0 11.0 [10.0;11.0] 10.5 [5.5;11.8] 10.0 [10.0;10.0] 10.0 [9.3;10.8] 
Ischak scoring 0.0 5.0 [5.0;5.0] 3.3 [2.3;3.9] #p = 0.032 3.0 [2.0;3.0] #p = 0.046 1.3 [1.0;2.6] #p = 0.031 

#p comparing to НСС-bearing non-treated control (р values are listed if р < 0.1). 
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Fig. 7. Liver function biochemical data and additional health indicators, rat blood serum (M ± SEM). *Comparing to the intact animals (р values <0.1: *** < 0.001; 
** < 0.01; * < 0.1); #comparing to НСС-bearing non-treated control (р values <0.1: ### < 0.001; ## < 0.01; # < 0.1). 

Table 3 
Redox state characterization of rat liver (median [25;75] percentiles).  

Indicator Group 1 Group 2 Group 3 Group 4 Group 5 

CAT, mol/mg 
prot 

1.02 [0.76;1.28] 1.93 [1.02;1.99] 0.84 [0.72;1.06] #p =
0.077 

0.14 [0.13;0.15] *p = 0.053 1.06 [0.95;1.72] 

SOD, U/mg prot 34.26 
[27.87;40.75] 

266 [186.48;270] *p =
0.025 

29.59 [22.79;34.09] #p =
0.034 

31.11 [28.7;32.1] #p = 0.05 91.9 [65.42;126.27] *p = 0.014 #p 
= 0.034 

GSH, nmol/mg 
prot 

0.12 [0.09;0.18] 0.42 [0.16;0.5] *p = 0.07 0.11 [0.09;0.14] #p =
0.034 

0.17 [0.09;0.18] 0.33 [0.2;0.63] *p = 0.027 

GP, nmol/mg 
prot 

0.96 [0.68;2.35] 2.6 [1.37;2.7] 0.88 [0.59;1.07] #p =
0.034 

0.76 [0.42;0.84] #p = 0.05 1.74 [1.15;2.43] 

GST, μmol/mg 
prot 

110 
[100.85;200.48] 

256.5 [172.26;267.1] 165.41 [109.25;227.18] 17.03 [14.8;17.31] *p = 0.025 
#p = 0.05 

119.73 [114.38;393.59] 

PCG, μmol/mg 
prot 

148.5 
[81.88;215.15] 

578.5 [155.6;645.1] 341.1 [164.77;451.39] 145.34 [96.46;154.15] 392.83 [276.38;476.56] *p = 0.027 

MDA, μmol/mg 
prot 

0.23 [0.14;0.3] 0.84 [0.29;0.9] *p =
0.072 

0.4 [0.26;0.58] *p = 0.086 0.3 [0.21;0.34] 0.48 [0.22;0.72] *p = 0.086  

* comparing to the intact animals (р values are listed if р < 0.1); # comparing to НСС-bearing non-treated control (р values are listed if р < 0.1). 
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demonstrated a more pronounced overall normalization than LMB040 
with irradiation. The serum bilirubin levels and GGT activity were lower 
than in the untreated HCC-bearing animals (by 33–68%) but higher than 
healthy controls (by 34–54%). Contrastingly, AST activity was main
tained at the level of the HCC-bearing non-treated group. However, this 
apparent discrepancy could be explained by the lower prognostic ability 
of AST to the liver-only damage. Most importantly, signs of oxidative 
stress in the liver were virtually absent: levels of MDA, PCG, GSH, SOD, 
CAT and GP activity were indistinguishable from normal healthy con
trols (decreased by 26–88% compared with the HCC-bearing untreated 
group). Only net GST activity was significantly inhibited (by 85% 
compared to healthy control). Inhibition of GST activity is a profibro
genic factor and is observed in liver fibrosis and in the activated hepatic 
stellate cells [54]. Therefore, it is probable that the observed inhibition 
of the activity of this enzyme is a bare reflection of the more pronounced 
fibrous and cirrhotic changes in this group compared with the group 
treated with the LMB040 without irradiation, where other indicators of 
oxidative stress remained present. 

Finally, the median overall survival determined in this study was the 
following (Fig. 8): HCC-bearing non-treated animals (Group 2) – 17 
weeks; 5-FU treated animals (Group 3) – 30 weeks; animals treated with 
LMB040 followed by irradiation (Group 4) – 35 weeks, without irradi
ation (Group 5) – 31 weeks. Thus, LMB040 per se increases the survival 
of animals at the level of 5-FU (by 1.8 times), while LMB040 with 
irradiation – by 2.1 times, which confirms the validity of our experi
mental design. 

There is a small but noticeable benefit of the light-induced PCP 
activation in vivo that formally satisfies our PK/PD-driven target tissue 
selection hypothesis, although the compound dosage and irradiation 
regiment should still be improved. 

It is of great interest whether the treatment by the LMB040 causes 
immunogenic cell death [55] and subsequent activation of the immune 
system against the tumor antigens. An immune system activation and 
subsequent increase of the overall survival has been documented for 
solid tumors treated with other cytolytic peptides [56] and for oncolytic 
viruses. Our treatment caused an increase in the overall survival, but the 

cooptation of the immune system to this effect remains an open ques
tion. To address it partially, we investigated the immune organs of the 
animals (spleen and thymus) in the LMB040-treated groups and 
compared them to the HCC-bearing control. The weight indices of the 
immune organs in the subjects collected for analysis at the 24th week 
were determined, and the number of the T-cells in each organ was 
estimated. The results are listed in Table 4. Since the weight indices of 
the organs were found identical within statistical limits throughout all 
animals, no hyperplasia could be attributed to the therapy. Therefore, 
the number of T-cells in the thymus of some animals in Group 4 (2 rats 
out of 3), which was more than an order of magnitude larger than in all 
other animals, could indicate the more active immune response system. 
We plan to investigate the possible involvement of the immune system in 
anticancer therapy by LMB040 and similar lumobiotics in the near 
future by means of white blood cell analysis. 

4. Conclusions 

We have confirmed the validity of the PK/PD-driven target selection 
for an anticancer cytolytic peptide LMB040 by demonstrating its effec
tiveness in a rat advanced HCC model. Through morphological and 
biochemical characterization, by observing differences in the pharma
codynamics of the drug in the two alternative photoisomeric states, we 
confirmed the possibility of a photo-mediated “delivery” of the biolog
ically more active form lumobiotic LMB040 in rats. The PCP in the ring- 
closed photoform caused inhibition of fibrous degeneration of the liver, 
partial normalization of hepatic functional activity (more effective than 
the reference drug 5-FU). Nonetheless, the signs of oxidative stress 
persisted in the liver tissue for this treatment regimen. Upon photo- 
conversion (i.e. delivery) of the PCP in the ring-open photoform, anti
fibrotic effects and restoration of the liver function were less pro
nounced. However, the signs of oxidative stress in the liver tissue were 
almost eliminated (effects similar to the reference drug 5-FU). The 
following order was established for the median overall survival: pho
toactivated LMB040 > non-photoactivated LMB040 > 5-FU. Activating 
the immune system upon photo-mediated intra-liver delivery of LMB040 
deserves further investigations. Well-defined T-cell profiling and cyto
kine analysis in a broader set of tissues could further improve this 
photopharmacology approach as a novel modality of anticancer therapy. 
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Table 4 
Rat spleen and thymus parameters in the animals from Groups 2, 4 and 5, sacrificed at the 24th week of the study.   

Group 2 (n = 3) Group 4 (n = 3) Group 5 (n = 4) 

Animal (i) (ii) (iii) (i) (ii) (iii) (i) (ii) (iii) (iv) 

spleen parameters 
Organ weight index, % 0.81 0.53 0.35 0.54 0.33 0.34 0.42 0.50 0.46 0.42 
M ± SEM 0.56 ± 0.1 0.40 ± 0.07 0.45 ± 0.02 
Number of T-cells, 106/g 39 96 114 114 118 66 30 32 99 128 
M ± SEM 82.9 ± 22.6 99.3 ± 16.7 72.2 ± 24.4  

thymus parameters 
Organ weight index, % 0.07 0.11 0.07 0.04 0.08 0.09 0.12 0.65 0.09 0.07 
M ± SEM 0.08 ± 0.02 0.07 ± 0.02 0.23 ± 0.14 
Number of T-cells, 106/g 203.8 116.6 N/A 7500 4600 131.5 34 34 44 6.1 
M ± SEM 160.2 ± 43.6 4077 ± 2143 29.5 ± 8.2  
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