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Abstract
Akacid medical formulation (AMF) is an oligoguanidine that exerts biocidal activity against

airborne and surface microorganisms including bacteria, viruses, fungi, and molds, while

showing relatively low toxicity to humans. We have previously shown that AMF exerts anti-

proliferative effects on a variety of solid tumor cell lines. In this study we raised the question

whether AMF could also substantially inhibit cell growth or induce apoptosis in cell lines de-

rived from hematologic malignancies such as leukemia or lymphoma. We found that AMF

has antiproliferative effects on various hematologic cell lines derived from human leukemia

and lymphoma. Additionally, we show that AMF induces apoptosis in leukemia cell lines not

only via the extrinsic and intrinsic pathway, but also in a caspase-independent manner. This

effect was found also in G0-arrested cells. Finally, in our animal experiments utilizing male

nu/nu Balb/c mice we found a significant growth retardation, which was immunohistochemi-

cally associated with a significantly lower number of KI67-positive cells and caspase-3 in-

duction in AMF-treated mice.

Introduction
Akacid medical formulation (AMF) is an oligoguanidine that exerts biocidal activity against
airborne and surface microorganisms including bacteria, viruses, fungi, and molds [1], while
showing relatively low toxicity to humans [2]. We have previously shown that AMF exerts anti-
proliferative effects on a variety of solid tumor cell lines [3]. Additionally, we found that this
was associated with reduced phosphorylation of mitogen-activated protein kinases (MAPK,
ERK) 1 and 2 in prostate cancer cell lines. Furthermore, this was accompanied by downregula-
tion of cell cycle regulators such as cyclin D1, cyclin-dependent kinase -2 and -4 in prostate
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cancer cells [3]. Since then, no study has been published further elucidating possible anti-
tumor effects of AMF.

As we have had already conducted a study on solid tumor cell lines, we raised the question
whether AMF could also substantially inhibit cell growth or induce apoptosis in cell lines de-
rived from hematologic malignancies such as leukemia or lymphoma.

Recent advances in targeted therapy against leukemia and lymphoma using, for instance,
monoclonal antibodies have led to improved remission rates and better patient survival. Che-
motherapeutic drugs currently in use such as alkylating agents, direct inhibitors of DNA syn-
thesis or synthetic nucleoside analogues exert a direct cytotoxic effect by various mechanisms.
However, the precise mechanism of action of many of these substances still remains to be eluci-
dated. It is still not clear how hydroxycarbamide, for instance, used in the treatment of hemato-
logical neoplasms, exerts its effects on neoplastic cells.

In any case, induction of apoptosis is one of the major goals of chemotherapy in all kinds of
malignant tumors. Apoptosis is induced either by the extrinsic or the intrinsic pathway, for
which caspase 8 and 9, respectively are known to be the up-stream effectors. Both pathways
merge into the downstream effector capase-3, which finally induces apoptosis including frag-
mentation of DNA or poly (ADP-ribose) polymerase (PARP) cleavage, the products of which
(cPARP) are generally used for assessing apoptosis induction. The extrinsic pathway is usually
activated via binding of the so-called death-receptors to their ligands, for instance, the death re-
ceptor CD95 (Fas) which binds to its ligand namely the FasL. The intrinsic pathway, on the
other hand, is considered as non-ligand-dependent but is induced by direct damage of cell
proteins or DNA by ionizing radiation or cytotoxic chemicals. The first step in the intrinsic
apoptosis pathway is the release of mitochrondial cytochrome c into the cytoplasm, which sub-
sequently activates caspase-9. In order to modulate both apoptosis induction pathways, we
used bcl-2, a commonly known and strong inhibitor of the intrinsic pathway (cytochrome c re-
lease) and CrmA, a poxvirus protein, to inhibit FasL-induced apoptosis (extrinsic pathway)
[4,5].

In the present study we found that AMF has antiproliferative effects on hematologic cell
lines. Additionally, we show that AMF induces apoptosis in leukemia cell lines not only via the
extrinsic and intrinsic pathway, but also in a caspase-independent manner. This effect was seen
even in G0-arrested cells. Finally, in our animal experiments we found a significant growth re-
tardation, which was immunohistochemically associated with a significantly lower number of
KI67-positive cells and caspase-3 induction in AMF-treated mice.

Materials and Methods

Chemicals
AMF was kindly provided by Geopharma (Vienna, Austria). It is prepared by polycondensa-
tion of equimolar amounts of guanidine hydrochloride and 1,2-bis(2-aminoethoxy)ethane.
The original 19% stock solution, stored light-protected at room temperature, was diluted with
phosphate-buffered saline (Dulbecco´s PBS (1x) without Ca &Mg, No. H15–002, PAA Labora-
tories GmbH, Vienna) to a 1% solution with a concentration of 10–4M and stored protected
from light at 4°C.

Activating anti-Fas-antibody was purchased from Upstate (Upstate Cell Signaling Solutions,
NY). Dexamethasone and N-Acetylsphingosine (C2-ceramide) were purchased from Sigma-
Aldrich (Vienna, Austria). The cell permeable pan-caspase inhibitor benzyloxycarbonyl-Val-
Ala-Asp-fluoromethylketone (ZVAD-FMK) was purchased from Calbiochem (Darmstadt,
Germany).
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Cell lines
HL-60 (acute promyelocytic leukemia), K-562 (chronic myelogenous leukemia), U-937 (histio-
cytic lymphoma), TIB-152 (acute T cell leukemia), CRL-2319, CRL-2362 and CRL-2323 (pe-
ripheral blood normal B-lymphoblasts) were purchased from ATCC (Rockville, MD); CEM
C7H2 (acute T cell leukemia) and its subclones (CEM 2E8 and 6E2) were kindly provided by
Prof. Reinhard Kofler (Tyrolean Cancer Research, Innsbruck, Austria) and have been pub-
lished previously [6,7,8,9,10]. All cell lines were maintained in RPMI-1640 (PAA-Laboratories,
Vienna) and supplemented with 10% fetal bovine serum, glutamine and antibiotics (100 U/ml
penicillin, 10 μg/ml streptomycin, 0.25 μg/ml amphothericin-B), all from Gibco (Life Technol-
ogies, Carlsbad, CA). Cell viability was assessed regularly before plating in experiments with
CEM 6E2 using trypan blue staining.

3H-thymidine incorporation
The detailed protocol has been published previously [3]. In brief, cells were seeded in 96-well
plates and incubated with AMF for the indicated time periods. Twelve hours before the in-
tended time period, 2 μCi/well of 3H-thymidine was added; 12 hours later, cells were frozen at
-18°C, thawed as needed and DNA was harvested on fiberglass filters. Quantification was per-
formed using a liquid scintillation counter (Wallac 1410, Pharmacia, Uppsala, Sweden).

Flow cytometry
We used fluorescein isothiocyanate (FITC)—labeled annexin V and counterstaining with pro-
pidium iodide (Annexin V-FITC Apoptosis Detection Kit, Alexis Biochemicals) according
to the manufacturer´s protocol. Cell analysis was carried out with FACS-Calibur (Becton
Dickinson, San Jose, CA). In brief, cells were harvested after AMF-treatment for the indicated
time periods and 105 cells were transferred into flow cytometry tubes. After washing with 1 ml
PBS and centrifugation, 200 μl of annexin V-FITC was added to each tube and incubated for
10 minutes in the dark. Just before analysis, propidium iodide was added to each tube.

For cell cycle analysis cells were collected, washed with PBS, and stained with propidium
jodide using CycleTest Plus, DNA Reagent Kit (Becton Dickinson, San Jose, CA) as previously
published [3]. Cell cycle status was analysed on a Becton Dickinson Flow Cytometer (FACS
Calibur). Gating strategies using FL3-W channel were applied in order to exclude doublets
from the analysis.

Caspase activation assays
We performed Caspase-Glo 3/7, Caspase-Glo 8 and Caspase-Glo 9 assay (Promega Corpora-
tion, Madison, Wisconsin) after treatment of cells with AMF for the indicated time periods
according to the manufacturer´s protocol. In brief, CEM and HL 60 cells were seeded in black-
walled 96-well plates. Following incubation, the plates were allowed to equilibrate to room tem-
perature for 30 min, before addition of 50 μl of Caspase-Glo Reagent (Promega) to each well.
Blank controls consisting of reagent and cell culture medium were always included as well as
no-treatment controls consisting of reagent and cells in culture. The blank control was used to
measure background luminescence associated with the culture medium and Caspase-Glo Re-
agent, whereas the no-treatment control was important for determining the basal protease ac-
tivity of the cell culture system. In order to reduce the amount of non-specific background
signal, we used the proteasome inhibitor MG-132 (Z-Leu-Leu-Leu-CHO) which was included
in the assay kit. Thirty minutes after adding the reagent, luminescence was recorded using a
plate-reading luminometer (Chameleon Microplate Reader, Hidex, Turku, Finnland).
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Background luminescence (blank control) was subtracted from each set of cell data, and fold-
increase in activity was calculated based on activity measurement of untreated cells (no-treat-
ment control). All samples were assayed in triplicate.

Western blots
A detailed protocol has been published previously [3,11]. In brief, cells were incubated with dif-
ferent concentrations of AMF for the indicated time periods. Cells were then collected, washed
with PBS and lysed. In all experiments, whole cell extracts were used. Fifty μg of protein per
lane were then resolved using a gradient Bis-Tris gel (Invitrogen, Leek, The Netherlands) and
transferred onto a nitrocellulose membrane (Invitrogen). After blocking for 1 hour using Start-
ing Block (TBS) buffer (Pierce Biotechnology, Rockford, IL), primary antibody was added and
incubated overnight at 4°C. Fluorescence-labeled secondary antibodies (Molecular Probes, Eu-
gene, OR) were used. The membranes were scanned and quantified using the Odyssey infrared
imaging system (LiCor Biosciences, Lincoln, NE). Antibodies were purchased from the follow-
ing companies: beta-actin (Chemicon Int., Temecula, CA), cleaved PARP (Promega, Madison,
WI), pro- and cleaved caspase-3 (Upstate Cell Signaling Sources, NY), pro- and cleaved cas-
pase-8 (Naga-ku Nagoya, Japan), pro-caspase-9 (Cell Signaling Technology Inc, Beverly, MA).

Animal experimentation
Male nu/nu Balb/c mice were kept in strict accordance with the institutional and governmental
guidelines in the animal quarters of the University of Innsbruck and the current study has been
approved by the ministry of science and research (Bundesministerium für Wissenschaft und
Forschung—BMWF, permit number: BMWF-66.011/0001-II/10b/2008). All efforts were made
to minimize suffering.

Aseptic surgery was performed after analgosedation with ketamine/xylazine for the implanta-
tion of jugular vein catheters. The catheter assembly consists of a guide cannula (Plastics One,
Roanoke, VA) which is connected to a piece of silicone (Silastic) tubing that can be surgically in-
serted and fixed to the jugular vein. All surgical tools and supplies were autoclaved prior to sur-
gery. After surgery, animals were allowed a minimum of 4–7 days of recovery. They showed no
signs of distress after implantation. Then 1x106 cells were 1:1 mixed with Matrigel (Becton Dick-
inson, San Jose, CA) of which 100 μl were injected subcutaneously into the right flank of the
mice. Tumors were allowed to develop for approximately 1 week. AMF or vehicle treatment was
started as soon as tumors were visible. AMF was applied via jugular vein catheters at a concentra-
tion of 5 mg/kg of body weight (adjusted to 25 μl) together with a 50 μl bolus of normal saline so-
lution (0.9% NaCl) (total volume 50 μl per day). Vehicle- treated mice were administered 50 μl
normal saline solution per day. In total, vein catheters were implanted in 20 mice of which five
(25%) died the day after surgery. Fifteen mice were injected with tumor/matrigel mixture. Tumor
take was achieved in 10 mice (66%), which were randomized into two groups (AMF treatment
and vehicle treatment). During treatment, two mice (one from each group) had to be withdrawn
from the experiment due to catheter occlusion. In total, eight mice completed a 2-week treat-
ment, four with AMF and four with vehicle. Tumor size was measured regularly using a caliper
and tumor volume was calculated using the following formula (tumor volume = length x width2).
At the end of the experiment mice were killed after analgosedation with ketamine/xylazine by
decapitation and tumors were harvested for further analysis.

Immunohistochemistry
Immunohistochemical staining of xenograft tumors was done on formalin-fixed and paraffin
embedded 4-μm sections using the Ventana autostainer model Discover XT (VentanaMedical
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System, Tucson, AZ) with an enzyme-labeled biotin streptavidin system and solvent-resistant
3,3`-diaminobenzidine Map kit. Slides were pretreated with tris borate EDTA buffer (pH 7.8,
Roche) for 48 minutes. The following antibodies were used: Ki-67 (mouse monoclonal antibody,
DAKO, Denmark), and cleaved caspase-3 (rabbit polyclonal antibody, Cell Signaling). Specificity
of staining was controlled by including an unspecific control antibody (DAKO). Slides were
counterstained with hematoxylin (Roche). Expression was evaluated manually. Number of Ki-
67/cleaved caspase-expressing cells was determined by counting the number of positive cells.
The numbers stated in the graphs are means of 10 visual fields at a magnification of 200-fold.

Statistics
For each treatment group, statistical distribution was determined using Kolmogorov-Smirnov
test. Because of non-Gaussian distribution, nonparametric tests were applied as follows. To
assess the overall significance for experiments with more than one treatment group, we used
the Kruskal-Wallis test. To confirm statistically significant findings in the Kruskal-Wallis test,
Mann-Whitney U test was applied. For statistics on tumor growth in animal experiments,
2-way-ANOVA was used. P values< 0.05 were defined as statistically significant and marked
with an asterisk (�). All statistical analyses were performed using SPSS 12.0 software (SPSS,
Chicago, IL).

Results and Discussion

AMF inhibits cellular growth in myeloid and lymphatic cell lines
In order to assess a possible antiproliferative effect on hematologic cell lines, we treated HL-60
(acute promyelocytic leukemia), K-562 (chronic myelogenous leukemia), U-937 (histiocytic
lymphoma) and CEM C7H2 (T- acute lymphatic leukemia) with various concentrations of
AMF (0.3–100 μM) for 48 hours and measured 3H-thymidine incorporation. As shown in
Fig. 1A, AMF significantly reduced cellular growth at concentrations of 3 μM in HL-60, K-562
and U-937 (IC50 2.3 μM). CEM C7H2 and TIB-152 cells, which were less sensitive, were signif-
icantly inhibited at 10 μMwith an IC50 of 3.8μM and 3.5μM, respectively. Three normal pe-
ripheral blood lymphoblasts (CRL-2319, CRL-2362 and CCRL-2323) derived cell line were less
sensitive with an IC50 of 5.5μM (CRL-2323) and 6.5μM (CRL-2319, CRL-2362). Although, the
difference between malignant and CRL-2323 did not reach statistical significance except com-
paring proliferation at 10μM, the other two cell lines used showed significant less sensitivity to
AMF at 3–30μM (marked with an asterisk). E.g. the 3H-thymidine incorporation rate was 5-
fold higher at 10μM of AMF (25% vs. 5%) in the latter two normal cell lines compared with
malignant ones. We found no difference at concentrations below 3μM, as these did not alter
proliferation significantly in any cell line, as well as at 100μM, which was used in order to in-
clude a concentration of maximum toxicity (and was not used for further experiments).

In order to assess the time course of AMF effects, HL-60 and CEM C7H2 cells were treated
with AMF for 4 to 96 hours. Short time periods (24, 8 and 4 hours) caused a time-dependent de-
crease of AMF effects on 3H-thymidine incorporation. In both cell lines, incubation longer than
48 hours did not yield additional growth retardation. These results are comparable to those de-
rived from solid tumor cell lines, which have been previously published by our group [3].

AMF induces time- and concentration-dependent apoptosis in HL-60
and CEMC7H2 cells
Next we raised the question if induction of apoptosis could be one reason for the decrease in
proliferation. In order to assess early (AV+/PI-) and late apoptosis (AV+/PI+), we labeled cells
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using an anti-Annexin-V (AV) (FITC-labeled) antibody and/or propidium iodide (PI). HL-60
and CEM C7H2 cells were treated for 4 to 48 hours with different concentrations of AMF. As
shown in Fig. 2, AMF caused a time- and concentration-dependent induction of apoptosis
with a peak in early apoptotic cells already after 4 hours treatment with 30 μMAMF. The per-
centage of AV+/PI- cells decreased with prolongation of treatment, whereas AV+/PI+ cells
steadily increased with time and concentration of applied AMF to almost 100%. Similar results
were found in CEM C7H2 cells (Fig. 3). Interestingly, although less sensitive to AMF in prolif-
eration compared to HL-60 cells, apoptosis was already induced at 3 μM in CEM C7H2 cells.
Up to now, no one has investigated the effects of AMF on HL-60 and CEM cells. That CEM
cells are more sensitive to apoptosis induction compared to HL-60 has been demonstrated
using herbal extracts [12] and synthetic molecules [13].

Fig 1. 3H-thymidine incorporation is reduced in hematologic cell lines. Cells were treated with AMF for
the indicated time periods with different concentrations. Proliferation is inhibited in a concentration- and time-
dependent manner. Cell lines derived from normal lymphoblasts showed significant less sensitivity to AMF.
n = 6 (except CCRL-2323, CRL-2319, CRL-2362 and TIB-153: n = 3) (number of independent experiments
carried out in triplicates).

doi:10.1371/journal.pone.0117806.g001

Fig 2. AMF induced apoptosis in HL-60 cells. After incubation with AMF for the indicated time periods Annexin-V and propidiumiodide staining was
performed and analysed by flow cytometry. n = 4 (number of independent experiments carried out in triplicates).

doi:10.1371/journal.pone.0117806.g002
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Induction of apoptosis is associated with increased activity of the
intrinsic and extrinsic apoptotic pathway
In order to investigate whether the extrinsic or intrinsic apoptosis pathway was involved in
AMF-induced apoptosis, we assessed caspase 8, -9 and -3/-7 activity using luminometric as-
says. As shown in Fig. 4A, AMF induced activity of all tested caspases in a concentration- and
time-dependent manner. In particular, caspase 8 was induced already 8 hours after application
of 3 μm of AMF in CEM C7H2, whereas in HL-60 higher concentrations and a longer treat-
ment (10 μM for 24 hours) were necessary to yield a similar effect. Analogous results were
found for caspase 9 activity. Finally, also caspase 3/-7 activity was induced in both cell lines,
with CEM C7H2 being the more sensitive one. These results were corroborated on protein
basis utilizing Western blotting for cleaved PARP, caspase -3, -8 and procaspase-9 (Fig. 4B).
Unfortunately, we had to stick to an anti-procaspase-9 antibody (due to technical reasons),
which when cleaved/activated should be decreased at protein level. However, as anticipated we
found a profound decrease of procaspase-9 levels, suggestive for activation, which was found as
stated above in experiments for Fig. 4A. Hence, we conclude that AMF induces apoptosis via
both the extrinsic and the intrinsic pathway, which has been found to be the case also with vari-
ous naturally occurring and synthetic molecules [14,15,16].

Fig 3. AMF induced apoptosis in CEMC7H2 cells. After incubation with AMF for the indicated time periods Annexin-V and propidiumiodide staining was
performed and analysed by flow cytometry. n = 4 (number of independent experiments carried out in triplicates).

doi:10.1371/journal.pone.0117806.g003
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Induction of apoptosis does not depend on caspase activation
Next we raised the question if AMF-induced apoptosis was only associated with activation of
caspases or causally linked to it. To answer this question, we pretreated HL-60 and CEM
C7H2 cells with 20 μM of the pan-caspase inhibitor Z-VAD-fmk before addition of AMF and
AV/PI labeling. In order the test the cellular system, a FAS-ligand (FASL) control was also in-
cluded, as it has been shown that Z-VAD-fmk significantly inhibits FASL-induced apoptosis
(see S1 Fig.). After 24 and 48 hours of AMF treatment (10–30 μM), preincubation with pan-
caspase inhibitor did not significantly reduce induction of apoptosis in neither of the two cell
lines tested (Fig. 5). These results strongly suggest that AMF-induced apoptosis does not de-
pend only on caspase activation. Similar results have been shown in various cell lines using, for
example, magnolol (a small-molecule hydroxylated biphenol) [17], alpha hydroxy acid [18]
and distillation remnants from Japanese liquor [19]. Additionally, it has been shown that

Fig 4. Caspases are activated after AMF treatment. Capase -8, -9, and -3/-7 activity was measured using
a luminometric assay after treatment with various concentrations of AMF for different time periods (4A). n = 3
(number of independent experiments carried out in triplicates). Furthermore Western blot analyses were
performed for caspase activation and additionally for cleaved PARP, as a marker for apoptosis induction
(4B). n = 3 (number of independent experiments, respresentative blots are shown)

doi:10.1371/journal.pone.0117806.g004

Fig 5. Apoptosis is also induced in presence of a pan-caspase inhibitor.Cells were preincubated with Z-VAD-fmk, a pan-caspase inhibitor, before
AMF treatment and apoptosis induction was assessed using Annexin-V and propidiumiodide staining and flow cytometry. n = 4 (number of independent
experiments carried out in triplicates).

doi:10.1371/journal.pone.0117806.g005
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chemotherapeutics like topoisomerase II inhibitors, kinase inhibitors and proteasome inhibi-
tors may induce apoptosis also by a caspase independent pathway possibly depending on
Panx1 expression, which is a structural component in gap junctions and hemichannels an in-
volved in nucleotide release during chemotherapeutic-drug induced apoptosis [20]. Matsu-
moto et al. also reported of a small-molecule inhibitor of glioma-associated oncogene 1 and -2
treatment induced caspase-independent apoptosis in a Ewing´s sarcoma cell line, which was
associated with decreased expression of survivin, cyclin A and increase of p21 [21]. Another
study published by Wang et al. showed that a citrus 5-acetyl-tetramethoxyflavone induces apo-
ptosis in breast cancer cells via both caspase-dependent and –independent pathways, the latter
being mediated by translocation of apoptosis inducing factor (AIF) into the nucleus [22,23].
Similar results have been reported in glioma cells after tetrandrine (a bis-benzylisoquinoline al-
kaloid) treatment [24]. Cordycepol C, a sesquiterpene isolated from a fungus species named
cordyceps ophioglossoides, induced caspase-independent apoptosis in human hepatocellular
carcinoma cells [25]. Similarly, Ashour et al. found that Rottlerin, a polyphenole isolated from
Kamala trees, induced caspase-independent apoptosis [26]. The proposed mechanism of apo-
ptosis induction by Cordycepol C and Rottlerin again was nuclear translocation of AIF.

In order to further test this hypothesis, we used stably transfected CEM C7H2 clones (10E1)
that express bcl-2 (intrinsic apoptosis pathway involving caspase 9), which can be downregu-
lated by addition of doxycycline via a tetracycline-responsive element (tet-OFF) as previously
published [9]. In order to functionally test this cellular system, CEM 10E1 were treated with
doxycycline (bcl-2 knock-down) or without it (bcl-2 expression) and treated with 0.1 μM of
dexamethasone, a potent inducer of apoptosis in these cells. As shown in Fig. 6, (upper left
panel) downregulation of bcl-2 expression by doxycycline (10E1+) significantly enhanced sen-
sitivity to dexamethasone-induced apoptosis (see S2 Fig.). However, bcl-2 expression did not
prevent AMF-induced apoptosis in this cellular model, except at 10 μMAMF (Fig. 6, upper
right panel and S4 Fig.). Especially bcl-2 has become a focus of recent cancer research. For ex-
ample, ABT-737, a bcl-2/bcl-XL inhibitor, induced cell death even at nanomolar concentrations
in lung cancer stem cells [27]. In acute lymphoblastic leukemia, especially the bcl-2 dependent
early T-cell progenitor subgroup are very sensitive to ABT-199 induced apoptosis in vitro and
in vivo, a selective bcl-2 inhibitor [28]. Similar findings have been published in HL-60 cells,
lymphoma and acute myeloid leukemia cell lines [29,30,31]. Furthermore, another member of
the BCL-2 family, mcl-1 has been shown to be essential for cellular growth of c-Myc-driven
mouse lymphomas [32]. Preliminary clinical data also demonstrate that targeting apoptosis re-
sistance with ABT-199 might overcome chemotherapy-refractory disease in bcl-2 overexpres-
sing neoplasms such as follicular lymphoma [33] and in CLL patients with deleted/mutated
TP53 [34]. Hence, further development of pro-apoptotic drugs such as AMF represents an at-
tractive therapeutic strategy.

Next, we utilized a CEM C7H2 subclone that stably overexpressed CrmA (2E8). CrmA is a
cowpox virus serpin that inhibits Apo1/Fas-induced apoptosis (extrinsic pathway involving
caspase 8) [7,8]. The CrmA-negative subclone D2.1 served as control. The functionality of the
cellular system was tested, as previously published [7,8], using C2-cermides, which induce apo-
ptosis albeit CrmA expression, and FasL, for which it is known that CrmA potently inhibits ap-
optosis induction (Fig. 6, lower left panel and S3 Fig.). Similar to bcl-2, overexpression of
CrmA did not diminish the percentage of apoptotic cells after treatment with AMF (Fig. 7,
lower right panel and S4 Fig.). The expression of FAS and sensitivity to chemotherapy of leuke-
mia cells has been investigated in vivo only in a very limited number of studies. One of which
showed that in AML-cells FAS expression correlated significantly to response to initial induc-
tion chemotherapy [35].
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Taken together, AMF has a strong pro-apopotic effect on the tested cell lines and although
we did not further investigate the molecular mechanism one might hypothesize that—similar
to synthetic and natural poly- and oligomers discussed above—AMF influences bcl-2 action
and / or AIF translocation to the nucleus. Further studies are needed in order to finally clarify
the exact mechamism of apoptosis induction by AMF.

AMF induces apoptosis also in G1/0 arrested cells
In order to assess the potency of AMF also in non-dividing cells, which are known to be more
resistant to antiproliferative substances, we used another CEM C7H2 subclone (6E2), which
expresses the cell cycle inhibitor p16INK4A under a tetracycline-responsive promoter (tet-ON)
[6]. The pβrTA-plasmid transfected subclone 2C8 served as control [10]. As shown in Fig. 7,
cell proliferation was substantially inhibited by the addition of doxycycline to CEM 6E2 cells,
without alteration of cell viability (Fig. 7, upper left panel) or induction of apoptosis (Fig. 7,
upper right panel). Flow cytometry revealed the functionality of this cellular system as we
found an increase in G1/0-phase cells amounting to approximately 95% of gated cells after
doxycycline treatment of CEM 6E2 cells, which was accompanied by a decrease in S-phase cells

Fig 6. Bcl-2 and CrmA overexpression does not significantly inhibit AMF induced apoptosis. Subclones of CEM C7H2 cells expressing either CrmA
(CEM 2E8) or tetracycline-regulated bcl-2 (tet-off, CEM 10E1, - without + with tetracycline) and the respective control subclone (CEMD2.1) were treated with
AMF and Annexin-V and propidiumiodide staining was analyzed after 48hours of incubation. n = 4 (number of independent experiments carried out in
triplicates).

doi:10.1371/journal.pone.0117806.g006
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(Fig. 7, lower left panel and S5 Fig.). CEM 2C8 cells did not show any significant alteration in
cell cycle phase distribution with or without doxycycline treatment. Treatment of both cell
lines with AMF under doxycycline-stimulated conditions did not reveal any difference between
the tested CEM subclones 6E2 and 2C8 (Fig. 7, lower right panel and S6 Fig.), suggesting that
also in G1/0-phase arrested cells, AMF induces apoptosis to the same extent as in proliferating
cells. To the authors’ knowledge, this is a novel finding, as generally G1/0 arrest by itself in-
duces apoptosis, and this has also been shown to be the case in CEM cells [36]. However, we
show that in G1/0 arrested cells—though considered as more resistant to anti-proliferative and
pro-apoptotic substances—apoptosis is substantially induced and not significantly diminished
compared to non-arrested cells. In general, classic chemotherapeutic agents, like alkylating
agents, topoisomerase II inhibitors or taxans induce apoptosis in a cell cycle dependent man-
ner, being S- and M-phase as the most susceptible cell cycle phases. However, recently also oth-
ers have found that quiescent chronic lymphocytic leukemia cells and also lung cancer stem
cells are sensitive to apoptosis induction by the small sirtuin inhibitor Tenovin-6 [37] and the
bcl-2/bcl-XL inhibitor ABT-737 [27], respectively.

Taken together, in the context of current chemotherapeutic agents substances that induce
apoptosis in proliferating and G1/0-arrested cells in a caspase-(in)dependent way would be of
great clinical benefit.

Fig 7. Apoptosis is also induced in G1/0 phase arrested cells. The CEM 6E2 subclone, which expresses tetracycline-regulated p16INK4A (CEM 6E2)
and an empty vector transfected control cell line (CEM 2C8) were treated with tetracycline (+) or not (-). Cell viability (trypan blue staining), cell count (manual
counting), as well as cell cycle distribution and apoptosis (Annexin-V, propidium iodide) were assessed. % of control for cell viability and cell count refers to
the viability / cell number at seeding, which was set to 100%. n = 4 (number of independent experiments carried out in triplicates).

doi:10.1371/journal.pone.0117806.g007
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AMF reduces tumor growth in vivo
The last step was to test AMF in vivo. For these experiments, we used Nu/Nu Balb/c mice
which were injected subcutaneously with 1x106 cells (1:1 mixed with matrigel, total volume
100 μl) after implantation of a jugular vein catheter. One week after injection, tumor was visible
and we initiated treatment with AMF 5 mg/kg i.v. As shown in Fig. 8, AMF caused significant
inhibition of tumor growth. In hematoxylin eosin staining, the AMF-treated tumors appeared
to have slightly smaller cells in general and had a lower cytoplasma:nucleus ratio compared to
vehicle-treated tumors. Immunohistochemical analysis of KI67 and caspase 3 revealed a signif-
icantly lower KI67 and higher caspase 3 expressions in AMF-treated tumors (Figs. 9 and 10).

In conclusion, although we could not show a tumor size reduction over treatment time,
we found that AMF significantly reduced tumor growth compared to vehicle-treated mice.
One possible explanation for only a growth-inhibitory effect might be that we have used only
5 mg/kg bodyweight. Although this is twice as much as published to be well tolerated [38], we
were cautious because of recent data where 10mM (equal app. to 10mg/liter) was detrimental
for zebrafish in vivo [39]. Given the fact that earlier studies with a similar compound Akacid
plus was tested successfully at a concentration of 200mg/kg (LD50 2000mg/kg) in female rats
[40], one might hypothesize that higher concentrations would have yielded a more substantial
anti-proliferative effect or even tumor size reduction.

In conclusion, we show that AMF has anti-proliferative and pro-apoptotic effects on the
four leukemic cell lines (CCRF-CEM, K-562, U-937, HL-60) tested. In comparison with cell
lines derived from normal lymphocytes malignant cells were more sensitive to AMF. Apoptosis
induction was associated with activation of both caspase-dependent and caspase–independent
pathways in proliferating and G1/0 arrested cells. In vivo, we found a substantial growth retar-
dation of CEM cells in the AMF-treated group of mice, which was associated with increased

Fig 8. Jugular vein catheters were implanted in male nu/nu Balb/c mice. Amatrigel CEM C7H2 1:1 mixture was injected into the flanks of male and mice
were treated with AMF (5μMol/kg per day) for 13 days. Tumors size was measured regularly and tumors were harvested for immunohistochemistry on day
13. n = 4 per treatment group.

doi:10.1371/journal.pone.0117806.g008

Akacid Medical Formulation - Induction of Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0117806 February 13, 2015 14 / 19



expression of caspase-3 and decreased expression of the proliferation marker KI67. We believe
that these results warrant further studies for elucidating AMF-induced apoptosis in detail in
vitro and in vivo. In particular, as chemotherapy patients are susceptible to bacterial and fungal
infections and AMF also has bactericidal and anti-fungal properties [40,41,42,43], additional
research in this area can be expected to provide insights which might be clinically useful.

Supporting Information
S1 Fig. The pancaspase inhibitor Z-VAD-fmk significantly inhibits FasL induced apoptosis
in CEM C7H2 cells. n = 3 (number of independent experiments carried out in triplicates).
(TIF)

S2 Fig. In order to functionally test bcl-2 effects on apoptosis, CEM subclones with tetracy-
cline-responsive bcl-2 expression (TET-off; 10E1+ doxycycline) and controls (10E1- with-
out doxycycline) were treated with dexamethason. Representative dot-plots (FL1-H
(Annexin-V-FITCS) against FL3-H (propidium-iodide)) are shown.
(TIF)

S3 Fig. In order to functionally test CrmA effects on apoptosis, CEM subclones with consti-
tutive expression of CrmA (2E8) and controls (D2.1) were treated with FasL and C2-cera-
mid. Representative dot-plots (FL1-H (Annexin-V-FITCS) against FL3-H (propidium-
iodide)) are shown.
(TIF)

S4 Fig. CEM subclones with tetracycline-responsive bcl-2 expression (TET-off; 10E1+) and
constitutive expression of CrmA (2E8) and their respective controls (10E1-, D2.1) were
treated with different concentrations of AMF (as indicated on the y-axis). Representative
dot-plots (FL1-H against FL3-H) are shown.
(TIF)

S5 Fig. CEM 6E2 and 2C8 cells were treated with doxycyline (+) or not (-). CEM 6E2 cells
express the cell cycle inhibitor p16INK4A upon doxycycline treatment and are arrested in G1/0-

Fig 9. KI67 positive cells are reduced and caspase 3 is induced after AMF treatment. After 13 days of AMF treatment mice were killed and tumors were
harvested for immunohistochemistry. Means + SD (n = 4 per treatment group) are shown.

doi:10.1371/journal.pone.0117806.g009
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Fig 10. KI67 positive cells are reduced and caspase 3 is induced after AMF treatment. After 13 days of AMF treatment mice were killed and tumors were
harvested for immunohistochemistry. Representative sections of control and treated tumors (hematoxyline-eosine staining, caspase 3 and KI67 staining)
are shown.

doi:10.1371/journal.pone.0117806.g010
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phase. Representative flowcytometric analyses are shown.
(TIF)

S6 Fig. CEM 6E2 (G1/0-arrested) and 2C8 (proliferating) cells were treated with doxycyline
and different concentrations of AMF (stated on the y-axis). In both cell lines apoptosis is in-
duced to a similar extend. Representative dot-plots (FL1-H against FL3-H) are shown.
(TIF)

Author Contributions
Conceived and designed the experiments: HN EW CF IEE CS MP ZCMT GK PM. Performed
the experiments: HN EW CF IEE CS MP PM. Analyzed the data: HN IEE MPMT GK PM.
Contributed reagents/materials/analysis tools: HN ZCMT GK PMMS. Wrote the paper: HN
EW CF IEE CS MT GK PMMS.

References
1. Feiertag P, Albert M, Ecker-Eckhofen EM, Hayn G, Honig H, et al. (2003) Structural Characterization of

Biocidal Oligoguanidines. Macromolecular Rapid Communications 24: 567–570.

2. Albert M, Feiertag P, Hayn G, Saf R, Honig H (2003) Structure-activity relationships of oligoguanidines-
influence of counterion, diamine, and average molecular weight on biocidal activities. Biomacromole-
cules 4: 1811–1817. PMID: 14606913

3. Neuwirt H, Muller H, Cavarretta IT, Tiefenthaler M, Bartsch G, et al. (2006) Akacid-medical-formulation,
a novel biocidal oligoguanidine with antitumor activity reduces S-phase in prostate cancer cell lines
through the Erk 1/2 mitogen-activated protein kinase pathway. Int J Oncol 29: 503–512. PMID:
16820895

4. Komiyama T, Ray CA, Pickup DJ, Howard AD, Thornberry NA, et al. (1994) Inhibition of interleukin-1
beta converting enzyme by the cowpox virus serpin CrmA. An example of cross-class inhibition. J Biol
Chem 269: 19331–19337. PMID: 8034697

5. Strasser A, Harris AW, Huang DC, Krammer PH, Cory S (1995) Bcl-2 and Fas/APO-1 regulate distinct
pathways to lymphocyte apoptosis. EMBO J 14: 6136–6147. PMID: 8557033

6. Ausserlechner MJ, Obexer P, Wiegers GJ, Hartmann BL, Geley S, et al. (2001) The cell cycle inhibitor
p16(INK4A) sensitizes lymphoblastic leukemia cells to apoptosis by physiologic glucocorticoid levels. J
Biol Chem 276: 10984–10989. PMID: 11441822

7. Geley S, Hartmann BL, Kapelari K, Egle A, Villunger A, et al. (1997) The interleukin 1beta-converting
enzyme inhibitor CrmA prevents Apo1/Fas- but not glucocorticoid-induced poly(ADP-ribose) polymer-
ase cleavage and apoptosis in lymphoblastic leukemia cells. FEBS Lett 402: 36–40. PMID: 9013854

8. Geley S, Hartmann BL, Kofler R (1997) Ceramides induce a form of apoptosis in human acute lympho-
blastic leukemia cells that is inhibited by Bcl-2, but not by CrmA. FEBS Lett 400: 15–18. PMID:
9000505

9. Hartmann BL, Geley S, Loffler M, Hattmannstorfer R, Strasser-Wozak EM, et al. (1999) Bcl-2 interferes
with the execution phase, but not upstream events, in glucocorticoid-induced leukemia apoptosis. On-
cogene 18: 713–719. PMID: 9989821

10. Loffler M, Ausserlechner MJ, Tonko M, Hartmann BL, Bernhard D, et al. (1999) c-Myc does not prevent
glucocorticoid-induced apoptosis of human leukemic lymphoblasts. Oncogene 18: 4626–4631. PMID:
10467407

11. Bellezza I, Neuwirt H, Nemes C, Cavarretta IT, Puhr M, et al. (2006) Suppressor of cytokine signaling-3
antagonizes cAMP effects on proliferation and apoptosis and is expressed in human prostate cancer.
Am J Pathol 169: 2199–2208. PMID: 17148681

12. Ashour ML, El-Readi MZ, Hamoud R, Eid SY, El Ahmady SH, et al. (2014) Anti-infective and cytotoxic
properties of Bupleurummarginatum. Chin Med 9: 4. doi: 10.1186/1749-8546-9-4 PMID: 24438177

13. Hsu MJ, Chao Y, Chang YH, Ho FM, Huang LJ, et al. (2005) Cell apoptosis induced by a synthetic car-
bazole compound LCY-2-CHO is mediated through activation of caspase and mitochondrial pathways.
Biochem Pharmacol 70: 102–112. PMID: 15894295

14. Yang SJ, Lee SA, Park MG, Kim JS, Yu SK, et al. (2014) Induction of apoptosis by diphenyldifluoroke-
tone in osteogenic sarcoma cells is associated with activation of caspases. Oncol Rep 31: 2286–2292.
doi: 10.3892/or.2014.3066 PMID: 24604218

Akacid Medical Formulation - Induction of Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0117806 February 13, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117806.s006
http://www.ncbi.nlm.nih.gov/pubmed/14606913
http://www.ncbi.nlm.nih.gov/pubmed/16820895
http://www.ncbi.nlm.nih.gov/pubmed/8034697
http://www.ncbi.nlm.nih.gov/pubmed/8557033
http://www.ncbi.nlm.nih.gov/pubmed/11441822
http://www.ncbi.nlm.nih.gov/pubmed/9013854
http://www.ncbi.nlm.nih.gov/pubmed/9000505
http://www.ncbi.nlm.nih.gov/pubmed/9989821
http://www.ncbi.nlm.nih.gov/pubmed/10467407
http://www.ncbi.nlm.nih.gov/pubmed/17148681
http://dx.doi.org/10.1186/1749-8546-9-4
http://www.ncbi.nlm.nih.gov/pubmed/24438177
http://www.ncbi.nlm.nih.gov/pubmed/15894295
http://dx.doi.org/10.3892/or.2014.3066
http://www.ncbi.nlm.nih.gov/pubmed/24604218


15. Park C, Park S, Chung YH, Kim GY, Choi YW, et al. (2014) Induction of apoptosis by a hexane extract
of aged black garlic in the human leukemic U937 cells. Nutr Res Pract 8: 132–137. doi: 10.4162/nrp.
2014.8.2.132 PMID: 24741395

16. Kuete V, Tchakam PD, Wiench B, Ngameni B, Wabo HK, et al. (2014) Cytotoxicity and modes of action
of four naturally occuring benzophenones: 2,2',5,6'-tetrahydroxybenzophenone, guttiferone E, isogarci-
nol and isoxanthochymol. Phytomedicine 20: 528–536.

17. Zhou Y, Bi Y, Yang C, Yang J, Jiang Y, et al. (2013) Magnolol induces apoptosis in MCF-7 human
breast cancer cells through G2/M phase arrest and caspase-independent pathway. Pharmazie 68:
755–762. PMID: 24147344

18. Ying TH, Chen CW, Hsiao YP, Hung SJ, Chung JG, et al. (2013) Citric acid induces cell-cycle arrest
and apoptosis of human immortalized keratinocyte cell line (HaCaT) via caspase- and mitochondrial-
dependent signaling pathways. Anticancer Res 33: 4411–4420. PMID: 24123010

19. Ohgidani M, Komizu Y, Goto K, Ueoka R (2012) Residual powders from Shochu distillation remnants
induce apoptosis in human hepatoma cells via the caspase-independent pathway. J Biosci Bioeng
114: 104–109. doi: 10.1016/j.jbiosc.2012.02.026 PMID: 22560085

20. Boyd-Tressler A, Penuela S, Laird DW, Dubyak GR (2014) Chemotherapeutic Drugs Induce ATP Re-
lease via Caspase-gated Pannexin-1 Channels and a Caspase/Pannexin-1-Independent Mechanism.
J Biol Chem.

21. Matsumoto T, Tabata K, Suzuki T (2014) The GANT61, a GLI inhibitor, induces caspase-independent
apoptosis of SK-N-LO cells. Biol Pharm Bull 37: 633–641. PMID: 24694609

22. Wang J, Duan Y, Zhi D, Li G, Wang L, et al. (2014) Pro-Apoptotic Effects of the Novel Tangeretin Deri-
vate 5-Acetyl-6,7,8,4'-Tetramethylnortangeretin on MCF-7 Breast Cancer Cells. Cell Biochem Biophys.

23. Kim EA, Jang JH, Lee YH, Sung EG, Song IH, et al. (2014) Dioscin induces caspase-independent apo-
ptosis through activation of apoptosis-inducing factor in breast cancer cells. Apoptosis 19: 1165–1175.
doi: 10.1007/s10495-014-0994-z PMID: 24771279

24. Chen JC, Hwang JH, Chiu WH, Chan YC (2014) Tetrandrine and caffeine modulated cell cycle and in-
creased glioma cell death via caspase-dependent and caspase-independent apoptosis pathways. Nutr
Cancer 66: 700–706. doi: 10.1080/01635581.2014.902974 PMID: 24738643

25. Sun YS, Lv LX, Zhao Z, He X, You L, et al. (2014) Cordycepol C induces caspase-independent apopto-
sis in human hepatocellular carcinoma HepG2 cells. Biol Pharm Bull 37: 608–617. PMID: 24694607

26. Ashour AA, Abdel-Aziz AA, Mansour AM, Alpay SN, Huo L, et al. (2014) Targeting elongation factor-2
kinase (eEF-2K) induces apoptosis in human pancreatic cancer cells. Apoptosis 19: 241–258. doi: 10.
1007/s10495-013-0927-2 PMID: 24193916

27. Zeuner A, Francescangeli F, Contavalli P, Zapparelli G, Apuzzo T, et al. (2014) Elimination of quies-
cent/slow-proliferating cancer stem cells by Bcl-X inhibition in non-small cell lung cancer. Cell Death
Differ.

28. Chonghaile TN, Roderick JE, Glenfield C, Ryan J, Sallan SE, et al. (2014) Maturation Stage of T-cell
Acute Lymphoblastic Leukemia Determines BCL-2 versus BCL-XL Dependence and Sensitivity to
ABT-199. Cancer Discov 4: 1074–1087. doi: 10.1158/2159-8290.CD-14-0353 PMID: 24994123

29. Perri M, Yap JL, Yu J, Cione E, Fletcher S, et al. (2014) BCL-x/MCL-1 inhibition and RARgamma antag-
onism work cooperatively in human HL60 leukemia cells. Exp Cell Res.

30. Fresquet V, Rieger M, Carolis C, Garcia-Barchino MJ, Martinez-Climent JA (2014) Acquired mutations
in BCL2 family proteins conferring resistance to the BH3 mimetic ABT-199 in lymphoma. Blood 123:
4111–4119. doi: 10.1182/blood-2014-03-560284 PMID: 24786774

31. Niu X, Wang G, Wang Y, Caldwell JT, Edwards H, et al. (2014) Acute myeloid leukemia cells harboring
MLL fusion genes or with the acute promyelocytic leukemia phenotype are sensitive to the Bcl-2-selec-
tive inhibitor ABT-199. Leukemia 28: 1557–1560. doi: 10.1038/leu.2014.72 PMID: 24531733

32. Kelly GL, Grabow S, Glaser SP, Fitzsimmons L, Aubrey BJ, et al. (2014) Targeting of MCL-1 kills MYC-
driven mouse and human lymphomas even when they bear mutations in p53. Genes Dev 28: 58–70.
doi: 10.1101/gad.232009.113 PMID: 24395247

33. Davids MS, Seymour JF, Gerecitano JF, Kahl BS, Pagel JM, et al. (2014) Phase I study of ABT-199
(GDC-0199) in patients with relapsed/refractory (R/R) non-Hodgkin lymphoma (NHL): Responses ob-
served in diffuse large B-cell (DLBCL) and follicular lymphoma (FL) at higher cohort doses. J Clin Oncol
32:5s: suppl; abstr 8522.

34. Seymour JF, Davids MS, Pagel JM, Kahl BS, WierdaWG, et al. (2014) ABT-199 (GDC-0199) in re-
lapsed/refractory (R/R) chronic lymphocytic leukemia (CLL) and small lymphocytic lymphoma (SLL):
High complete-response rate and durable disease control. J Clin Oncol: 32:5s: suppl; abstr 7015.

Akacid Medical Formulation - Induction of Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0117806 February 13, 2015 18 / 19

http://dx.doi.org/10.4162/nrp.2014.8.2.132
http://dx.doi.org/10.4162/nrp.2014.8.2.132
http://www.ncbi.nlm.nih.gov/pubmed/24741395
http://www.ncbi.nlm.nih.gov/pubmed/24147344
http://www.ncbi.nlm.nih.gov/pubmed/24123010
http://dx.doi.org/10.1016/j.jbiosc.2012.02.026
http://www.ncbi.nlm.nih.gov/pubmed/22560085
http://www.ncbi.nlm.nih.gov/pubmed/24694609
http://dx.doi.org/10.1007/s10495-014-0994-z
http://www.ncbi.nlm.nih.gov/pubmed/24771279
http://dx.doi.org/10.1080/01635581.2014.902974
http://www.ncbi.nlm.nih.gov/pubmed/24738643
http://www.ncbi.nlm.nih.gov/pubmed/24694607
http://dx.doi.org/10.1007/s10495-013-0927-2
http://dx.doi.org/10.1007/s10495-013-0927-2
http://www.ncbi.nlm.nih.gov/pubmed/24193916
http://dx.doi.org/10.1158/2159-8290.CD-14-0353
http://www.ncbi.nlm.nih.gov/pubmed/24994123
http://dx.doi.org/10.1182/blood-2014-03-560284
http://www.ncbi.nlm.nih.gov/pubmed/24786774
http://dx.doi.org/10.1038/leu.2014.72
http://www.ncbi.nlm.nih.gov/pubmed/24531733
http://dx.doi.org/10.1101/gad.232009.113
http://www.ncbi.nlm.nih.gov/pubmed/24395247


35. Iijima N, Miyamura K, Itou T, Tanimoto M, Sobue R, et al. (1997) Functional expression of Fas (CD95)
in acute myeloid leukemia cells in the context of CD34 and CD38 expression: possible correlation with
sensitivity to chemotherapy. Blood 90: 4901–4909. PMID: 9389707

36. Shorey LE, Hagman AM, Williams DE, Ho E, Dashwood RH, et al. (2012) 3,3'-Diindolylmethane in-
duces G1 arrest and apoptosis in human acute T-cell lymphoblastic leukemia cells. PLoS One 7:
e34975. doi: 10.1371/journal.pone.0034975 PMID: 22514694

37. Groves MJ, Johnson CE, James J, Prescott AR, Cunningham J, et al. (2013) p53 and cell cycle inde-
pendent dysregulation of autophagy in chronic lymphocytic leukaemia. Br J Cancer 109: 2434–2444.
doi: 10.1038/bjc.2013.601 PMID: 24091621

38. Pasberg-Gauhl C (2014) A need for new generation antibiotics against MRSA resistant bacteria. Drug
Discov Today Technol 11: 109–116. doi: 10.1016/j.ddtec.2014.04.001 PMID: 24847660

39. Kim JY, Kim HH, Cho KH (2012) Acute cardiovascular toxicity of sterilizers, PHMG, and PGH: severe
inflammation in human cells and heart failure in zebrafish. Cardiovasc Toxicol 13: 148–160. doi: 10.
1186/gb-2012-13-3-148 PMID: 22405408

40. Buxbaum A, Kratzer C, Graninger W, Georgopoulos A (2006) Antimicrobial and toxicological profile of
the new biocide Akacid plus. J Antimicrob Chemother 58: 193–197. PMID: 16751199

41. Kratzer C, Tobudic S, Graninger W, Buxbaum A, Georgopoulos A (2006) In vitro antimicrobial activity
of the novel polymeric guanidine Akacid plus. J Hosp Infect 63: 316–322. PMID: 16698119

42. Razzaghi-Abyaneh M, Shams-Ghahfarokhi M, Eslamifar A, Schmidt OJ, Gharebaghi R, et al. (2006) In-
hibitory effects of Akacid (plus) on growth and aflatoxin production by Aspergillus parasiticus. Myco-
pathologia 161: 245–249. PMID: 16552489

43. Kratzer C, Tobudic S, Macfelda K, Graninger W, Georgopoulos A (2007) In vivo activity of a novel poly-
meric guanidine in experimental skin infection with methicillin-resistant Staphylococcus aureus. Antimi-
crob Agents Chemother 51: 3437–3439. PMID: 17620381

Akacid Medical Formulation - Induction of Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0117806 February 13, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9389707
http://dx.doi.org/10.1371/journal.pone.0034975
http://www.ncbi.nlm.nih.gov/pubmed/22514694
http://dx.doi.org/10.1038/bjc.2013.601
http://www.ncbi.nlm.nih.gov/pubmed/24091621
http://dx.doi.org/10.1016/j.ddtec.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24847660
http://dx.doi.org/10.1186/gb-2012-13-3-148
http://dx.doi.org/10.1186/gb-2012-13-3-148
http://www.ncbi.nlm.nih.gov/pubmed/22405408
http://www.ncbi.nlm.nih.gov/pubmed/16751199
http://www.ncbi.nlm.nih.gov/pubmed/16698119
http://www.ncbi.nlm.nih.gov/pubmed/16552489
http://www.ncbi.nlm.nih.gov/pubmed/17620381


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


