
Introduction
 In 2020, there were approximately 20 million new cases and 10 
million deaths, worldwide, attributed to cancer [1]. Recent projec-
tions indicate that there will be more than four million deaths related 
to lung cancer alone in the United States, from 2015-2065 [2]. Current  
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treatments of many cancers utilize a wide array of chemotherapeutic 
agents [3, 4]. The alkylating agents, and more specifically the nitrogen 
mustard compounds, are a part of the anticancer chemotherapeutics. 
The highly reactive and cytotoxic properties of the nitrogen mustard 
have led to multiple modifications of the original compound with the 
intent to minimize the generalized toxic effects and to increase se-
lectivity and specificity for given cancer cells [5].  Mechlorethamine 
(ME) is a nitrogen mustard compound, developed as an antineoplastic 
agent. As an alkylating agent, ME crosslinks the two DNA strands, 
which prevents DNA replication, and leads to cell death [5, 6]. ME 
has been in clinical use for more than six decades and has often been 
paired with other therapeutic agents to treat many forms of cancers 
such as lymphomas, leukemias, polycythemia vera and lung cancer 
[5-7]. Previous studies have found ME to be toxic for in vitro cul-
tured A-431 skin cells at concentrations of 25 µM [8]. When used to 
treat neuroblastoma cell cultures, a 10 µM ME treatments led to more 
than 90% cell death [9]. Further in vitro cell studies indicated that 
treatments with 10-20 µM of ME caused irreparable DNA damage, 
resulting in irreversible cell cycle arrest [10]. Co-treatments with ME 
and ebselen or other related organoselenium analogs suggest that the 
toxicity of ME can be reduced when used in conjunction with other 
therapeutic agents.

 Alzheimer’s disease (AD) is a common form of dementia which 
affects more than 44 million individuals globally [11-14]. The accu-
mulation of amyloid-β peptides (Aβ) in the brain leads to the forma-
tion of β-amyloid plaques. The heightened neuroinflammatory state 
induced by the Aβ production has been linked to the onset of AD [13, 
14].  Aβ has also been identified as an antimicrobial peptide (AMP) 
[15]. In vitro studies with endothelial cells infected with gram-nega-
tive bacillus bacterium, demonstrate that Aβ was produced following 
the infection [16]. Studies showing the AMP properties of Aβ, support 
the theory that infections causing increased production of Aβ may 
lead to AD. AMPs, including Aβ, have also been shown to act as an-
ticancer peptides (ACPs) killing not only infected host cells but also 
cancerous cells [17-20]. These properties make ACPs an interesting 
field of study for their potential use as antiproliferative agents in con-
junction with chemotherapeutics to augment their effectiveness.

 The H441 cells (ATCC, HTB-174) are an epithelial cell line, 
which has been isolated from human lung papillary adenocarcinoma 
tissue. In this study, H441 cells were used to measure the synergis-
tic antiproliferative effect of mechlorethamine and the beta-amyloid 
protein. The antiproliferative properties of Aβ appear to augment the 
anticancer effect of mechlorethamine, when ME is used at very low 
doses.

Methods
Cell Culture

 H441 cells were cultured in complete growth media DMEM/
Ham’s F-12 50/50 with L-glutamine & 15 mM HEPES (Corning, 
10-092-CV), supplemented with 10% by volume fetal bovine serum 
(ThermoFisher, A3160402) under standard conditions (37°C, in a  
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in clinical use for more than six decades. ME therapy is associated 
with high toxicity, and it is often in combination with other therapeu-
tics. The use of additional antiproliferative agents could allow the use 
of ME at lower concentrations, which could lead to comparable ther-
apeutic results, but with lower toxicity. Recent findings have shown 
that the amyloid β-peptide (Aβ) has antiproliferative properties to-
ward the human cancer cell line, H441 among others. In this study, 
the cooperative antiproliferative effect of Aβ and ME on the human 
cell line, H441, isolated from papillary adenocarcinoma lung tissue, 
was measured. Cells were cultured for 72 hours under standard cul-
turing conditions in growth media containing either Aβ (2 µM), a very 
low dose of ME (0.2 µM), or both agents combined. We observed a 
48% decrease in cell proliferation when Aβ and ME were used simul-
taneously, compared to 30% and 33% when ME or Aβ, respectively, 
were used independently. The study demonstrates that the antipro-
liferative properties of Aβ can augment the anticancer effect of toxic 
chemotherapeutics such as ME when used at lower doses.
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humidified, 5% CO2 incubator). The cells were subcultured regularly 
to maintain active growth.

Mechlorethamine (ME) solution preparation

 Solid Mechlorethamine Hydrochloride (Sigma Aldrich, 122564) 
powder was removed from the protective canister and used to prepare 
1 mg/mL ME solution, in serum-free DMEM/Ham’s F-12 50/50 me-
dia. The solution was gently triturated until the powder was complete-
ly dissolved. The homogeneous solution was then placed into a sterile 
3 mL Luer lock syringe and filter sterilized, by passing it through a 
0.2 μm syringe filter into a sterile tube. This sample became the stock 
solution used for the treatment assays.

β Amyloid (Aβ) peptide solution preparation

 In accordance with previous published protocols [21], 3 mL of 0.1 
M NaOH and 3 mL of 1X PBS buffer were sterilized by 0.2 µm sy-
ringe disk filtration. 82.5 μL of the filtered 0.1 M NaOH were added to 
a vial containing 1 mg Aβ (residues 1–42), pre-treated with Hexaflu-
oro-2-propanol (HFIP) (Sigma-Aldrich, AG968-1MG). The peptide 
was solubilized completely by gentle swirling and then incubated for 
15 min. After that, 2 mL of the filtered PBS buffer were added, and the 
resulting solution was mixed and left undisturbed, at room tempera-
ture for 24 hours. The samples were then stored at 4 ̊C until further 
use.

Treatment with ME and/or Aβ

 The cell concentration of an H441 cell suspension was determined 
with the help of a hemocytometer.  In each test-well of a 96 well 
plate, 15,000 cells in 200 µL of complete growth media were cultured 
overnight, under standard conditions.  On the next day, for the ME or 
Aβ individual treatments, the desired test concentration was achieved 
by adding the appropriate amount of the prepared ME or Aβ solution 
to each well.  For the dual, ME and Aβ treatments, the cells in each 
well were incubated in media containing 0.2 µM ME and 2 µM Aβ. 
The total volume of each well was kept at 200 µL. The treated cells 
were incubated for 72 hours under standard conditions. Following the 
incubation period, the cells were counted and the total number of cells 
in each well determined.

Counting Cells

 The cells in each well were trypsinized and resuspended to a sin-
gle cell suspension in 75 µL of media. The cell suspension was then 
mixed with an equal volume of Trypan Blue  and incubated for 5 min 
to distinguish live from dead cells.  The mixture was then loaded on 
a hemocytometer and the concentration and total number of live cells 
for each sample was determined.

Results
 In order to investigate whether or not the amyloid β-peptide can 
potentiate the antiproliferative effect of mechlorethamine, the used 
concentration of ME should be sufficiently low, and has a partial ef-
fect on cell proliferation. To identify such low ME concentration, the 
proliferation of the lung cancer cell line, H441, was studied in the 
presence of variable concentrations of ME. The levels used in the 
initial assays were 0.0 µM (control sample), 2.5 µM, 5.0 µM, 10.0 
µM, and 20.0 µM. For each trial, 15,000 cells were plated per well of 
a 96 well plate. On the next day, ME was added at the specified con-
centrations, and the cells were cultured for 72 hours under standard 
conditions. Then, the number of cells in each well was determined  

(Figure 1).  The observed effect was significant and substantial even 
at 2.5 µM of ME.

 Since the 2.5 µM concentration of ME still had a pronounced ef-
fect on the proliferation of the H441 cells, the cell assays were repeat-
ed with even lower concentrations of ME, 0.2, 0.4, 0.6, 0.8, 1.0, and 
2.5 µM.  Figure 2 shows the average number of H441 cells in each 
well, after 72 hours of ME exposure.  For the lowest ME concentra-
tion used in this assay, the number of cells decreased by 35% com-
pared to the control.  The 0.2 µM concentration of ME, which is 50 to 
125 times lower than the reported concentrations used to suppress cell 
proliferation, was selected for future studies because it produced a 
reasonable effect in suppressing H441 cell proliferation and provided 
a sufficient range to demonstrate whether or not Aβ would add to that 
effect.

Figure 1: Mechlorethamine concentration-dependent effect on the number of H441 
cells.  H441 cells were treated with the specified ME concentrations for 72 hours un-
der standard conditions.  Following the incubation, the number of cells in each well 
was determined. The bar graph represents the average number of cells per well, from 
4 trials.  Each individual assay was done in duplicates.  The error bars show the cor-
responding experimental error, calculated as the standard error of the mean (SEM).

Figure 2: Mechlorethamine concentration-dependent effect on the number of H441 
cells, at lower ME concentrations.  H441 cells were treated with the specified ME 
concentrations for 72 hours under standard conditions.  Following the incubation, the 
number of cells in each well was determined. The bar graph represents the average 
number of cells per well, from 4 trials.  Each individual assay was done in duplicates.  
The error bars show the corresponding experimental error, calculated as the standard 
error of the mean (SEM). The percent difference between the number of cells in the 
0.2 µM and the non-treated (0.0 µM) control is also designated.
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 Prior studies have indicated that 2 µM of Aβ can decrease the pro-
liferation of the H441 cells as well. To test if Aβ can augment its 
antiproliferative effect to that of ME, an assay was performed where 
2.0 µM of Aβ and 0.2 µM of ME were used individually and com-
bined. This assay was repeated 5 times, in duplicates, following the 
same protocol for treating H441 cells with ME. The average number 
of cells in each well, following 72 hours of treatment, is shown in 
Figure 3.  Each individual, ME or Aβ, treatment decreased the number 
of cells in the treated wells by approximately 30% (33% for Aβ, and 
30% for ME).  The obtained results were statistically significant with 
p values <0.05, as determined by a paired t-test.  The combined treat-
ment of ME and Aβ caused a further decrease in the number of cells 
when compared to the individual treatments.  Wells treated with ME 
and Aβ contained 48% less cells compared to the non-treated control.  
If the treatment with ME on its own is considered as a 100% reference 
point, the addition of Aβ causes an additional 25% decrease in the 
number of cells.  The observed data is statistically significant, with a 
p value <0.01, based on a paired t-test.  These observations suggest 
that ME and Aβ can work together in suppressing cell proliferation, 
offering a viable option to explore in terms of finding less toxic, yet 
effective ways of suppressing cancer cell proliferation.

Discussion

 The anticancer properties of mechlorethamine and the associated 
high toxicity of ME therapy are well established.  Because of that, 
any efforts to decrease that toxicity while still providing adequate 
treatment are considered valuable. In more recent years, the antipro-
liferative effect of Aβ has been revealed.  It is then plausible that ME 
and Aβ could work together to provide adequate suppression of cell 
proliferation, but with reduced side effects, by using doses lower than 
usual.  In order to investigate if ME and Aβ can act synergistically in 
suppressing cellular proliferation, much lower than the recommend-
ed, 10 – 25 µM concentrations of ME were used in this study in con-
junction with Aβ.

 The obtained results indicate that a 30% decrease in the cell num-
ber of cultured H441 cells can be achieved with only 0.2µM ME, 
which is 50 to 125-fold lower than the reported treatment concen-
trations. This very low concentration of ME was then used in con-
junction with Aβ, also shown to have a similar antiproliferative effect 
at a 2 µM concentration. When the low dose of ME was combined 
with that of Aβ, the cell numbers were further decreased compared 
to the non-treated control.  The individual treatments resulted in ap-
proximately 30% decrease in the number of treated cells, while the 
combined, ME and Aβ, treatment caused a 48% decrease. The indi-
vidual treatments were not completely additive when combined, but 
our results demonstrate that functionally, they complement each oth-
er. These observations strongly suggest that low doses of ME could 
achieve effective anticancer therapeutic outcomes, when combined 
with Aβ. These findings also indicate the potential synergistic nature 
of Aβ when used with other chemotherapeutic agents.

 Further studies should be conducted to understand the mechanism 
of the antiproliferative effect of Aβ, and how exactly it acts syner-
gistically with ME. Molnar et al. demonstrated that Aβ suppresses 
the function of the ABC transporters, which are known to expel for-
eign molecules, including medicinal agents, from stem, progenitor 
and cancer cells, increasing their survival and continued proliferation 
[22].  It is likely that by inhibiting the ABC transporters, Aβ increases 
the therapeutic effectiveness of ME, thus further decreasing the num-
ber of the treated cells observed in this study.  It will be interesting to 
investigate the potential Aβ has in supporting other anticancer thera-
peutics.

 Having in mind the role Aβ has in the development of Alzheimer’s 
disease, the potential side effects from the use of Aβ as a therapeutic 
should also be investigated.
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