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Abstract
Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and remains the
deadliest form of cancer in the US and worldwide. New therapies are highly sought after to
improve outcome. The effect of sodium-R-alpha lipoate on camptothecin- and paclitaxel-induced
cytotoxicity was evaluated on A549 NSCLC and BEAS-2B ‘normal’ lung epithelial cells.
Combination indices (CI) and dose reduction indices (DRI) were investigated by studying the
cytotoxicity of sodium-R-alpha lipoate (0–16 mM), camptothecin (0–25 nM) and paclitaxel (0–
0.06 nM) alone and in combination. 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium-
bromide (MTT) was used to assess cytotoxicity. The combinational cytotoxic effects of sodium-R-
alpha lipoate with camptothecin or paclitaxel were analyzed using a simulation of dose effects
(CompuSyn®3.01). The effects of sodium-R-alpha lipoate on camptothecin- and paclitaxel-
induced cytotoxicity varied based on concentrations and treatment times. It was found that
sodium-R-alpha lipoate wasn’t cytotoxic towards BEAS-2B cells at any of the concentrations
tested. For A549 cells, CIs [(additive (CI=1); synergistic (CI<1); antagonistic (CI>1)] were lower
and DRIs were higher for the camptothecin/sodium-R-alpha-lipoate combination (CI=~0.17–1.5;
DRI=~2.2–22.6) than the paclitaxel/sodium-R-alpha-lipoate combination (CI=~0.8–9.9;
DRI=~0.10–5.8) suggesting that the camptothecin regimen was synergistic and that the addition of
sodium-R-alpha lipoate was important for reducing the camptothecin dose and potential for
adverse effects.

INTRODUCTION
Lung cancer is the most common cause of cancer-related deaths among both men and
women in the United States and worldwide (1). Lung cancer is also among the three most
common cancers in both men and women in the United States. NSCLC is by far the most
prevalent type of lung cancer, accounting for nearly 85% of all lung cancer cases (2). With a
5-year survival rate of ~15% in the United States and ~8% in Europe and the developing
world, NSCLC remains a highly lethal cancer despite current therapeutic options (2). Thus,
there remains a critical need for more effective therapies. Early-stage NSCLC presents with
vague and variable symptoms. For this reason, the majority of NSCLC cases are diagnosed
at an advanced stage, during which surgical therapy can no longer offer a curative outcome
and chemotherapy becomes a mainstay of therapy. Thus, improvement of current
chemotherapeutic regimens is highly sought after. One such approach, combination therapy,
has the goal of enhancing or replacing the desired cytotoxic effect of a chemotherapeutic
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agent with another agent, allowing for an overall reduction in the chemotherapeutic drug
and/or delivery system load. Theoretically, the use of benign agents that are selective for
malignant cells (i.e., benign towards normal tissues) may not only enhance or replace the
effects of chemotherapy and lower drug/delivery system load, but may also impart the
additional benefit of greatly reducing the potential for toxic side effects. In addition, agents
with antioxidant and/or anti-inflammatory activities may exert a chemoprotective effect on
normal tissues against the toxic insults of chemotherapy (3).

We hypothesized that one agent that fulfills these criteria is sodium-R-alpha lipoate, the
sodium salt of the R-enantiomer of alpha lipoic acid (ALA). ALA is an organosulfur
compound that serves as an essential metabolic cofactor for several enzyme complexes,
including pyruvate dehydrogenase complex, 2-oxoglutarate dehydrogenase complex,
branched chain oxoacid complex, and acetoin dehydrogenase complex (4, 5). ALA, whose
R-enantiomer (R-alpha lipoic acid) is endogenously synthesized and obtained through the
diet, has been shown to have several beneficial effects in addition to its essential metabolic
function, including antioxidant, metal-chelating, anti-inflammatory, neuroprotective, wound-
healing, anti-aging, and hypoglycemic activities (4, 5). For this reason, ALA has been used
clinically in a number of conditions, including diabetic neuropathy (6), liver disease (7), and
human immunodeficiency virus/acquired immunodeficiency syndrome (8). Recently, ALA
has gained considerable attention due to in vitro (9–12) and in vivo (13, 14) anticancer
effects. Although the exact mechanisms responsible for these effects have yet to be
completely elucidated, it is most likely related to ALA’s metabolic effects (9, 13). Wenzel et
al. showed that ALA induces apoptosis in the human colon cancer cell line HT-29 by
increasing mitochondrial respiration and causing a resultant increase in superoxide
production. In the same study, it was shown that ALA was selective for cancer cells, as it
did not induce apoptosis in the ‘normal’ counterpart cell line tested (9). In addition, certain
types of cancer present with a metabolic anomaly, hypothesized to promote cancer growth,
which results in a switch from a primary reliance on oxidative phosphorylation for energy
production to aerobic glycolysis, termed the ‘Warbug Effect’ (15). The observations that the
enzyme pyuruvate dehydrogenase kinase (PDK) is involved in the expression of this
metabolic switch (16) and that ALA has been shown to inhibit PDK (17), and thus
potentially reverse the ‘Warburg Effect’, add further credence to the hypothesis that a
metabolic effect is responsible for the cytotoxic effects of ALA. Interestingly,
dichloroaceate, an analogue of acetic acid and an inhibitor of PDK (18), has repeatedly
shown in vitro and in vivo anticancer effects both alone and when used in combination with
chemotherapeutic agents such as carboplatin, cisplatin, and 5-Flurouracil (18–20). Other
potential mechanisms responsible for the anticancer effects of ALA may involve antioxidant
and anti-inflammatory activities (4, 5) or inhibition of nuclear factor-kappa B (NF-κB) (21)
and activator protein-1 (AP-1) (22).

The common designation ‘alpha lipoic acid’ refers to a 50/50 racemic mixture of R- and S-
alpha lipoic acid. The only reason for the presence of S-alpha lipoic acid in ALA
preparations is an achiral manufacturing process. Although previously believed to be
physiologically inactive, recent studies have suggested that S-alpha lipoic acid may actually
compete with and inhibit the functions and effects of R-alpha lipoic acid, such as R-alpha
lipoic acid’s inhibition of PDK, modulation of mitochondrial activity, and interaction with
proteins, enzymes, and genes (23). For these reasons, we chose the more metabolically
potent R-enantiomer (23–25) to investigate the effect of ALA on chemotherapy-induced
cytotoxicity. In addition, shall sodium-R-alpha lipoate display promising effects in vitro, this
form of ALA will be far more superior in terms of in vivo application due to greater water
solubility and a much more favorable pharmacokinetic profile (23).
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Camptothecin is a cytotoxic quinoline alkaloid isolated from the bark and stem of
Camptotheca Acuminata. Camptothecin’s primary mechanism of action involves inhibition
of topoisomerase I, which results in prevention of DNA unwinding and leads to cell death.
Although camptothecin showed remarkable therapeutic potential in preliminary clinical
trials, the drug subsequently failed due to toxicity, poor oral bioavailability, poor solubility
in biological fluids, inappropriate pharmacokinetics, and lack of efficacy within a tolerable
dose range (26). However, topotecan, a water-soluble derivative of camptothecin, has
previously been investigated for the treatment of NSCLC (27). Paclitaxel is a plant alkaloid
and taxane isolated from Taxus Brevifolia. Paclitaxel’s mechanism of action involves a
hyperstabilization of microtubule polymers, preventing disassembly and causing cell death.
Paclitaxel (trade name Taxol®), in combination with cisplatin, is indicated for the first-line
treatment of NSCLC in patients who are not candidates for curative surgery and/or radiation
therapy.

Camptothecin, paclitaxel, and analogues thereof have been used in the treatment of NSCLC,
and our laboratory has extensive experience with these compounds both from a
pharmacological and a drug delivery perspective (28–32). In particular, our laboratory has
previously shown that lung targeting of a camptothecin prodrug (camptothecin-norvaline),
via passive entrapment of rigid microparticles can reduce therapeutic doses of camptothecin
10-fold in a rat orthotopic lung cancer model (29). A synergy approach using sodium-R-
alpha lipoate is proposed in order to further minimize the dose of camptothecin and reduce
the dose of microparticles, thus minimizing the toxic potential of either the drug or the
delivery system or both. In the current study, the cytotoxic effects of sodium-R-alpha
lipoate, camptothecin, paclitaxel, camptothecin/sodium-R-alpha lipoate, and paclitaxel/
sodium-R-alpha lipoate were evaluated on A549 human NSCLC adecnocarcinoma cells. An
automated computer simulation of the combinatorial effects of sodium-R-alpha lipoate with
camptothecin or paclitaxel was applied with CompuSyn® 3.01 software to characterize the
interactions (synergy, additivity, or antagonism) and determine the potential for
camptothecin or paclitaxel dose reduction.

MATERIALS & METHODS
Cell Culture

A549 human NSCLC adenocarcinoma cells (American Type Culture Collection, Rockville,
MD, USA) were cultured and passaged in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 100U/ml penicillin-100 μg/ml
streptomycin. BEAS-2B human lung epithelial cells (ATCC) were cultured and passaged in
serum-free bronchial epithelial growth medium (BEGM; Lonza Walkersville Inc.,
Walkersville, MD, USA) supplemented with 0.4% bovine pituitary extract (BPE), 0.1 %
hydrocortisone, 0.1 % human EGF (hEGF), 0.1 % epinephrine, 0.1 % transferrin, 0.1 %
insulin, 0.1 % retinoic acid, 0.1 % triiodothyronine, 0.1 % gentamycin amphoterecin-B
(GA-1000), and 100U/ml penicillin-100 μg/ml streptomycin. Both cell lines were
maintained in an incubator at 37°C with 5% CO2.

MTT Cytotoxicity Assay
Camptothecin (Sigma Aldrich, St. Louis, MO, USA), paclitaxel (LC Laboratories, Woburn,
MA, USA), and S-lipoic acid (Geronova Research Inc., Carson City, NV, USA) stock
solutions were made using 100 % dimethyl sulfoxide (DMSO) and sodium-R-alpha lipoate
(Geronova Research Inc., Carson City, NV, USA) solutions were prepared in sterile distilled
water. Camptothecin stock solutions were always made fresh to ensure stability for the
duration of the studies. A549 cells were plated at a density of 1 × 103 cells per well in 96-
well plates and cultured for 24 hours, followed by treatment with the indicated compound(s)
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or DMSO solvent controls for camptothecin, paclitaxel, and S-lipoic acid treatment (0.01 %
to 0.1 % DMSO). The concentrations used were, sodium-R-alpha lipoate, 0–16 mM;
camptothecin, 0–25 nM; paclitaxel, 0–0.06 nM; S-lipoic acid, 0–10 mM; camptothecin/
sodium-R-alpha-lipoate, 0–12 nM camptothecin and 0–8 mM sodium-R-alpha-lipoate;
paclitaxel/sodium-R-alpha-lipoate, 0–0.03 nM paclitaxel and 0–8 mM sodium-R-alpha-
lipoate. Mixtures were made by simply mixing the working solutions used for the individual
compound treatments. After 2, 4, and 6 days of incubation, 3-(4,5-methylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT; Sigma Aldrich, St. Louis, MO, USA) was added and
incubated for 2 hours at 37°C. Formazan products were solubilized with 100 % DMSO, and
the optical densities were measured in a plate reader (Tecan; Mannedorf, Switzerland) at
570 nm. The effects of sodium-R-alpha lipoate, camptothecin/sodium-R-alpha lipoate, and
paclitaxel/sodium-R-alpha lipoate on BEAS-2B cell viability were investigated in the same
manner.

CompuSyn® 3.01 Analysis
Dose-response curves, combination indices, and dose reduction indices were generated for
all treatments and time points with CompuSyn® 3.01 software (Paramus, NJ, USA)
according to the manufacturer’s instructions. CompuSyn® 3.01 software uses an algorithm
based on mass-action law to simulate the interaction of two or more compounds on the
investigated pharmacological effect. Briefly, concentrations and corresponding effects levels
(the effect of a treatment expressed as a decimal between 0 and 1, 0 being no effect and 1
being 100% effect) for all data points were input to generate a complete report of analytical
results. The combination index (CI) is a parameter that indicates whether the interaction of 2
or more drugs is synergistic, additive, or antagonistic (additive (CI=1); synergistic (CI<1);
antagonistic (CI>1)). The CI is calculated using the following equation, ((D1/Dx1) + (D2/
Dx2)) = CI, where, at a certain effect level, D1 is the dose of drug 1 when used in
combination with drug 2, Dx1 is the dose of drug 1 when used alone, D2 is the dose of drug 2
when used in combination with drug 1, and Dx2 is the dose of drug 2 when used alone. The
dose reduction index (DRI) is a parameter that indicates the degree to which a drug dose can
be reduced when used in combination with another drug and maintain an equivalent effect
level. The DRI is calculated using the following equation, Dn/Dxn = DRIn, where, at a
certain effect level, Dxn is the dose of the drug required to exert the aforementioned effect
level when used alone and Dn is the dose of the drug required to exert the same effect level
when used in combination with another drug.

Statistical Analysis
All statistical analyses were performed with GraphPad Prism® 4.0c software. Raw data for
all treatments and time points was normalized and fitted with non-linear regression using
GraphPad Prism® 4.0c software (La Jolla, CA, USA) to generate dose-response curves and
calculate the half-maximal effective concentrations (EC50s) for all treatments and time
points. Individual points within dose-response curves were expressed as mean ± standard
error of mean. Comparisons between dose-response curves within each plot were made
using the F-test. The limit for statistical significance was set at P<0.05.

RESULTS
Individual effect of camptothecin, paclitaxel, sodium-R-alpha lipoate, or S-lipoic acid on
A549 cells

In order to determine the effects of the individual compounds on A549 cells, dose-response
curves were constructed for camptothecin, paclitaxel, sodium-R-alpha lipoate, and S-lipoic
acid after 2, 4, and 6 days of treatment (Figure 1). As hypothesized, sodium-R-alpha lipoate
(Figure 1b and 1e) was found to be more potent than S-lipoic acid (Figure 1g). Paclitaxel
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was found to be the most cytotoxic compound (Figure 1d). The EC50s for camptothecin
were 23.68, 14.76, 7.69 nM after 2, 4, and 6 days of treatment, respectively (Table 1). The
EC50s for paclitaxel were 0.0031, 0.0034, and 0.0024 nM after 2, 4, and 6 days of
treatment, respectively (Table 1). The EC50s for sodium-R-alpha lipoate when used
individually in the camptothecin/sodium-R-alpha lipoate arm were 3.12, 2.21, and 0.40 mM
after 2, 4, and 6 days of treatment, respectively (Table 1). The EC50s for sodium-R-alpha
lipoate when used individually in the paclitaxel/sodium-R-alpha lipoate arm were 1.77, 0.70,
and 0.52 mM after 2, 4, and 6 days of treatment, respectively (Table 1). The EC50s for S-
lipoic acid were 3.56 and 1.54 mM after 4 and 6 days of treatment, respectively. An EC50
value for S-lipoic acid after 2 days of treatment could not calculated from the observed data.

Effect of camptothecin/sodium-R-lipoate and paclitaxel/sodium-R-alpha lipoate
combinations on A549 cells

In order to determine the effects of the camptothecin/sodium-R-alpha lipoate and paclitaxel/
sodium-R-alpha lipoate combinations on A549 cells, dose-response curves were constructed
after treatment for 2, 4, and 6 days (Figure 1). Figure 2 shows the CIs of the camptothecin/
sodium-R-alpha lipoate and paclitaxel/sodium-R-alpha lipoate combinations at all effect
levels after treatment for 2, 4, and 6 days. It was observed that the camptothecin/sodium-R-
alpha lipoate combination had markedly lower CIs than the paclitaxel/sodium-R-alpha
lipoate combination. The CIs for the camptothecin/sodium-R-alpha lipoate combination
ranged from ~ 0.71 to 1.5, whereas the CIs for the paclitaxel/sodium-R-alpha lipoate ranged
from ~0.8–9.9. The camptothecin/sodium-R-alpha lipoate combination showed several CIs
in the synergistic or additive range (CI≤1), especially after 2 and 4 days of treatment. On the
other hand, all combinations of paclitaxel and sodium-R-alpha lipoate were antagonistic
(CI>1). Figure 3 shows the DRIs of the camptothecin/sodium-R-alpha lipoate and paclitaxel/
sodium-R-alpha lipoate combinations as a function of sodium-R-alpha lipoate
concentrations after treatment for 2, 4, and 6 days. It was found that the camptothecin/
sodium-R-alpha lipoate combination had markedly higher DRIs than the paclitaxel/sodium-
R-alpha lipoate combination. The DRIs for the camptothecin/sodium-R-alpha lipoate
combination ranged from ~2.2–22.6, whereas the DRIs for the paclitaxel/sodium-R-alpha
lipoate ranged from ~0.10–5.8. The camptothecin/sodium-R-alpha lipoate combination had
several DRIs greater than 10, especially after 2 days of treatment. On the other hand, almost
all DRIs for the paclitaxel/sodium-R-alpha lipoate combination were less than 5.

Effect of sodium-R-lipoate, camptothecin/sodium-R-lipoate, and paclitaxel/sodium-R-alpha
lipoate on BEAS-2B lung epithelial cells

In order to determine the effects of sodium-R-alpha lipoate on ‘normal’ BEAS-2B lung
epithelial cells, dose-response curves were constructed after 2, 4, and 6 days of treatment.
Concentrations of sodium-R-alpha lipoate were the same as those used for A549 NSCLC
adenocarcinoma cells. It was found that sodium-R-alpha lipoate had no effect BEAS-2B cell
viability (Figure 4). However, longer treatment times showed that sodium-R-alpha lipoate
may have exerted an anti-proliferative effect since, although the results of the MTT assay
showed lower absorbance (data not shown), examination by microscopy indicated a lack of
cytotoxicity (intact, adherent colonies, as opposed to single, floating cells). To further
confirm the lack of toxicity of sodium-R-alpha lipoate towards BEAS-2B cells, a ‘rescue
experiment’ was conducted in which BEAS-2B cells that had been incubated in sodium-R-
alpha lipoate were subsequently incubated in control DMEM medium. It was found that
upon subsequent incubation in control DMEM medium, BEAS-2B proliferated at rates
observed in normal cell culture (data not shown). Representative data shown in Figure 4
highlight the differential effect of sodium-R-alpha lipoate on A549 NSCLC cells versus
BEAS-2B ‘normal’ lung epithelial cells.
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Since the data suggested that sodium-R-alpha lipoate is selective for A549 NSCLC cells vs.
BEAS-2B ‘normal’ lung epithelial cells, the camptothecin/sodium-R-alpha lipoate and
paclitaxel/sodium-R-alpha lipoate combinations were also evaluated on BEAS-2B cells.
Concentrations for the three compounds were as previously used. It was found that sodium-
R-alpha lipoate moderately protected BEAS-2b cells from the cytotoxic effect of
camptothecin (Figure 5a). For example, exposure to 4 nM campothecin alone resulted in
~68% cell death, whereas exposure to 4 nM camptothecin with sodium-R-lipoate resulted in
only ~10% cell death. However, sodium-R-alpha failed to exert a chemoprotective effect on
paclitaxel-induced cytotoxicity (Figure 5b).

DISCUSSION
Lung cancer is among the most common and lethal cancers in the United States and
worldwide. As the most prevalent type of lung cancer, NSCLC kills more people than
breast, colon, and prostate cancers combined and remains one of the deadliest forms of
cancer in the world. Currently used treatments for the disease include surgery,
chemotherapy, radiotherapy, biological therapy, laser therapy, photodynamic therapy, and
combinations thereof. Innovative therapies targeting specific pathways associated with
apoptosis, cell proliferation, and angiogenesis are also under investigation. Despite these
treatment options, the general prognosis of NSCLC remains extremely poor, with a 5-year
survival rate of only ~15%. With chemotherapy being one of the most commonly
recommended treatments in late stage disease, during which most patients are diagnosed, the
search continues for more effective and less toxic chemotherapeutic strategies. One
potentially viable option is combination therapy. Combination therapy can have major
advantages as a chemotherapeutic strategy, including higher potency, lower toxicity, and a
potential for greatly reduced therapeutic doses.

Our previous experience with camptothecin and paclitaxel prompted us to investigate novel,
minimally-toxic combination therapy for NSCLC involving the use of these agents. We
hypothesized that ALA may be an ideal agent for combination therapy of NSCLC for
several reasons, including, 1) it has shown in vitro and in vivo evidence of anticancer
activity, 2) it has already been used clinically in a number of conditions and has shown a
lack of toxicity at fairly high doses, 3) it has shown selective cytotoxic effects against cancer
cells (i.e. no effect on ‘normal’ cell viability), 4) it has favorable pharmacokinetic
parameters (e.g. high bioavailability after oral administration), and 5) it has potent
antioxidant and anti-inflammatory activities which may exert a chemoprotective effect on
normal tissues during toxic chemotherapy. In addition, the sodium salt of the R-(+)
enantiomer of ALA was selected for the following reasons: 1) only the R-(+) enantiomer is
endogenously synthesized and obtained through the diet, 2) the R-(+) enantiomer is more
pharmacologically active and metabolically potent both in vitro and in vivo, (24, 25, 33) and
3) sodium-R-alpha lipoate is likely to be more advantageous than other forms of ALA in
terms of in vivo application due to greater water solubility and a much more favorable
pharmacokinetic profile (23). In this study, the effect of sodium-R-alpha lipoate on
camptothecin- and paclitaxel-induced cytotoxicity was evaluated in A549 human NSCLC
cells. Dose-response curves after treatment with the individual compounds for 2, 4, and 6
days revealed that, as hypothesized, sodium-R-alpha lipoate (Figure 1b, 1e) is more potent
than S-lipoic acid (Figure 1g). The superiority of sodium-R-alpha lipoate cytotoxicity
towards A549 NSCLC cells lends further credence to a metabolic cytotoxic mechanism of
alpha lipoic acid as suggested by Wenzel et al. (9). In other words, the higher potency of
sodium-R-alpha lipoate in increasing mitochondrial respiration (and increasing superoxide
production) resulted in higher levels of cell death. It was also found that paclitaxel was the
most cytotoxic compound (Figure 1d). CompuSyn® 3.01 analysis of the camptothecin/
sodium-R-alpha lipoate and paclitaxel/sodium-R-alpha lipoate combinations revealed that
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interactive effects vary and depend on both the doses of the compounds and the treatment
times. Comparison of the CIs at the various effect levels showed that camptothecin/sodium-
R-alpha lipoate combination is more favorable due to markedly lower CIs and a greater
number of CIs indicative of additivity and/or synergy (CI≤1), especially after 2 and 4 days
of treatment. All CIs for the paclitaxel/sodium-R-alpha lipoate combination were indicative
of antagonistic effects (CI>1). DRIs for the camptothecin/sodium-R-alpha lipoate
combination (~2.2–22.6) were much greater than those for the paclitaxel/sodium-R-alpha
lipoate combination (~0.10–5.8). Since the DRI is a parameter that indicates the degree to
which a drug dose can be reduced when used in combination with another drug and maintain
an equivalent effect level, these results show that the dose of camptothecin can be reduced
up to 22-fold when used in combination with sodium-R-alpha lipoate. This favorable data
for the camptothecin/sodium-R-alpha lipoate combination suggests that the combination
deserves further evaluation. More specifically, since the lowest CIs and the highest DRIs for
the camptothecin/sodium-R-alpha-lipoate combination occurred at 2 and 4 days and at
higher effect levels (i.e., higher cytotoxicity), it will be interesting to investigate whether
there exists a schedule-dependency (simultaneous treatment vs. pre- or post-treatment) for
this combination and/or whether the most favorable combinatorial effects occur when the
maximum level of cytotoxic induction is attempted. It should also be noted that, according
to Chou, synergy at higher effect levels, as in the case of the camptothecin/sodium-R-alpha
lipoate combination, is more relevant to anticancer therapy (34). This adds even further
significance to the current results.

An important finding in this study was that sodium-R-alpha lipoate showed a selective
cytotoxic effect for A549 NSCLC adenocarcinoma cells. ‘Normal’ BEAS-2B lung epithelial
cells were essentially unaffected after treatment with sodium-R-alpha lipoate (Figure 4).
However, longer treatment of BEAS-2B lung epithelial cells with sodium-R-alpha lipoate
induced an anti-proliferative effect, although examination of cell morphology indicated a
lack of cytotoxicity. Also, replacement of sodium-R-alpha lipoate treatment medium with
control DMEM medium resulted in restoration of normal rates of BEAS-2B cell
proliferation (data not shown). Thus, the selective nature of sodium-R-alpha lipoate for
A549 NSCLC adenocarcinoma cells vs. ‘normal’ BEAS-2B lung epithelial cells was twice
confirmed.

Compounds displaying antioxidant and/or anti-inflammatory activities may exert a
chemoprotective effect on normal cells against the toxicity of chemotherapeutic regimens
(3). To gain some insight into a potential chemoprotective effect of sodium-R-alpha lipoate,
BEAS-2B cells were also treated with camptothecin/sodium-R-alpha lipoate and paclitaxel/
sodium-R-alpha lipoate combinations. It was found that sodium-R-alpha lipoate exerted a
significant chemoprotective effect against the cytotoxicity of campothtecin towards
BEAS-2B cells (Figure 5a). On the other hand, sodium-R-alpha lipoate failed to protect
against paclitaxel-induced cytotoxicity (Figure 5b). The reasons for the difference in
interaction between sodium-R-alpha lipoate and camptothecin or paclitaxel are beyond the
scope of this manuscript. The implications of this finding are that not only can the dose of
camptothecin be reduced up to 22-fold (corresponding to the highest DRI) and maintain an
equivalent cytotoxic effect level, but that this dose reduction is accomplished with a
selective agent that is benign to normal tissues and that may exert a chemoprotective effect
on normal tissues exposed to the already reduced chemotherapy doses. To our knowledge,
there are very few agents with this capability. Although natural compounds such as
curcumin (35) from turmeric and EGCG (36) from green tea have been shown to induce a
selective cytotoxic effect on cancer versus normal cells, it is well known that these
compounds have critical disadvantages in terms of in vivo application, including extremely
poor bioavailability, high rate of metabolism, inactive metabolic products, and rapid
elimination and clearance from the body (37). Sodium-R-alpha lipoate, on the other hand,
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has high bioavailability (even after oral administration), favorable pharmacokinetic
parameters (23), and has active intracellular metabolic products (dihydrolipoate) (38) that
may also possess anticancer activity. In addition, as mentioned previously, our lab has
several successful strategies for improving the delivery and/or reducing the toxicity of
campothecin, including tumor-targeted bioconjugate-based and poly (ethylene glycol)-based
delivery, membrane transport facilitation, and pro-drug approaches (28–32, 39, 40). It is
likely, and future studies would confirm, that simultaneous use of sodium-R-alpha lipoate
with other pharmacological or drug delivery approaches such as ours may result in even
more efficient and less toxic therapeutic strategies.

In conclusion, in the current studies, it was shown that camptothecin/sodium-R-alpha lipoate
is a more favorable combination than paclitaxel/sodium-R-alpha lipoate in terms of in vitro
cytotoxic effects towards A549 human NSCLC adenocarcinoma cells due to a higher
likelihood of synergy/additivity and a higher potential for chemotherapy dose reduction.
Minimally-toxic combination therapy with camptothecin/sodium-R-alpha lipoate deserves
further evaluation as a chemotherapeutic strategy against NSCLC.
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FIG. 1.
Dose-response curves of the treatments. Effect of camptothecin, paclitaxel, sodium-R-alpha
lipoate, S-lipoic acid, camptothecin/sodium-R-alpha lipoate, and paclitaxel/sodium-R-alpha
lipoate on A549 cell viability after 2, 4, and 6 days of treatment. Cell viability was assessed
using the MTT assay. Individual points within dose-response curves were expressed as mean
± standard error of mean. Differences between dose-response curves within each plot were
found to be statistically significant (P<0.05).
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FIG. 2.
CIs of combination treatments. CIs as a function of effect level of the campothecin/sodium-
R-alpha lipoate and paclitaxel/sodium-R-alpha lipoate combinations after treatment of A549
cells for 2, 4, and 6 days. CIs determine the type of interaction [Additive (CI=1); Synergistic
(CI<1); Antagonistic (CI>1)].
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FIG. 3.
DRIs of the combination treatments. DRIs for camptothecin and paclitaxel when combined
with sodium-R-alpha lipoate. The DRI is a parameter that indicates the degree to which a
drug dose can be reduced when used in combination with another drug and maintain an
equivalent effect level.
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FIG. 4.
Effect of sodium-R-alpha lipoate on BEAS-2B cells. Representative data of the effect of
sodium-R-alpha lipoate on A549 NSCLC and BEAS-2B ‘normal’ lung epithelium cell
viability after treatment for 2 days.
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FIG. 5.
Effect of campothecin/sodium-R-alpha lipoate and paclitaxel/sodium-R-alpha lipoate on
BEAS-2B cells. Cell viability of BEAS-2B ‘normal’ lung epithelial cells after treatment
with campothecin/sodium-R-alpha lipoate or paclitaxel/sodium-R-alpha lipoate for 2 days.
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TABLE 1

EC50s camptothecin, paclitaxel, sodium-R-alpha lipoate, S-lipoic acid, camptothecin/sodium-R-alpha lipoate,
and paclitaxel/sodium-R-alpha lipoate after treatment of A549 NSCLC cells for 2, 4, and 6 days of treatment.

2 Days 4 Days 6 Days

Camptothecin (nM) 23.68 14.76 7.69

Sodium-R-alpha lipoate (1) (mM) 3.12 2.21 0.40

Paclitaxel (nM) 0.0031 0.0034 0.0024

Sodium-R-alpha lipoate (2) (mM) 1.77 0.70 0.52

S-lipoic acid (mM) —— 3.56 1.54

Sodium-R-alpha lipoate (1) and sodium-R-alpha lipoate (2) represent treatments where sodium-R-alpha lipoate was used individually in the
camptothecin and paclitaxel arms of the MTT assay, respectively.
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