
Abstract. In the present article, we quantitatively evaluated
the dose-response relationship of hormetic reactions of
anticancer agents in vitro. Serial dilutions of gemcitabine,
cisplatin, 5-fluorouracil, vinorelbine, and paclitaxel were
administered to the A549 non-small-cell lung cancer cell
line. The bi-phasic sigmoidal curve with hormetic and
cytotoxic effects is given by the formula y=(a-
b/(1+exp(c*log(x)−d)))/(1+exp(e*log(x)-f)), that was used to
perform a non-linear least square regression. The dose-
responses of the five anticancer agents were fitted to this
equation. Gemcitabine and 5-fluorouracil, which had the
lowest ED50 for their hormetic reaction, had the most
pronounced promotive effects out of the five anticancer
agents tested. The hormetic reaction progressed
exponentially with culturing time. Our theoretical model will
be useful in predicting how hormetic reactions affect patients
with malignant tumors.

Administration of the maximal tolerated dose (MTD) of
anticancer agents is recommended in chemotherapy of
malignant tumors. Nonetheless, we often encounter patients
who cannot receive the chemotherapy at MTD.

Hormesis is the phenomenon in which small doses of
toxins and other stressors show stimulative effects (1).
Radiation hormesis has been thoroughly investigated by
numerous researchers (2-4). Out of the chemical agents,
digoxin is the most representative. In low doses, digoxin acts
as a positive inotropic agent, whereas at high doses, its effect
reverses. These opposing phenomena should theoretically
show a sigmoidal dose-response relationship (5). In a
previous study Calabrese et al. quantified the hormesis dose-

response in anticancer agents but did not find the expected
sigmoidal relationship (6-9).

We hypothesize that anticancer agents possess a bi-phasic
sigmoidal dose response relationship consisting of hormetic
and cytotoxic effects. In the present study, we evaluated the
hormetic dose-response relationships of anticancer agents for
lung cancer using an in vitro assay system, and discuss the
adequacy of our theoretical model.

Materials and Methods 

The A549 lung cancer cell line (supplied by Riken Cell
Bank, Tsukuba, Ibaragi, Japan) was used for the in vitro
assay. RPMI-1640 (Sigma-Aldrich, Shinagawa-ku, Tokyo,
Japan) with 10% foetal bovine serum (Life Technologies,
Minato-ku, Tokyo, Japan) was the culture medium. A
solution of one-fourth concentration of sub-confluent A549
cells was inoculated into a 96-well microplates with 100 μl
of culture medium, and incubated for 24 h in 5% CO2 at
37˚C. Next, anticancer agents, serially diluted with 100 μl
of culture medium, were added and incubated for 24 h.
gemcitabine (Eli Lilly, Indianapolis, Indiana, USA),
cisplatin (Nippon Kayaku, Chiyoda-ku, Tokyo, Japan), 5-
fluorouracil (Kyowa Hakko Kirin, Chiyoda-ku, Tokyo,
Japan), paclitaxel (Bristol-Myers Squibb, New York City,
New York, USA) and vinorelbine (Kyowa Hakko Kirin,
Chiyoda-ku, Tokyo, Japan) were used as anticancer agents.
The same volume of culture medium without anticancer
agent was added to the control wells. The MTT assay was
used for the viability of A549 cells after exposure to
anticancer agents. Thirty microliters of MTT solution (0.2%
MTT and 0.05 M sodium succinate diluted with phosphate
buffer solution) were added to each well, that were then
incubated for 3 h. The culture medium was subsequently
removed, the formazan was dissolved in 400 μl/well
dimethylsulfoxide, and the absorbance of the solution (OD)
was read at 570 nm on the plate reader (Model 680, Bio-
Rad, Hercules, California, USA). Octuplicate samples were
used for all experiments.
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Theoretical model for hormetic dose-response curve. The
dose-response curve was calculated by the formula: 

y=(a-b/(1+exp(c*log(x)−d)))/(1+exp(e*log(x)-f)), (1)
where x is the logarithm of drug concentration and y is OD
(Figure 1). Using the coefficients obtained from Eq. (1), the
following parameters were calculated: 

Maximal response of hormetic reaction (Mh)=100*b/(a-b)
ED50 of hormetic reaction (hED50)=exp(d/c)

ED50 of cytotoxicity (cED50)=exp(f/e)
h/c ED50 ratio=100*hED50/cED50
Reduction threshold (RT)=drug concentration on

“y=baseline”
Maximum stimulation (MS)=the highest actual

stimulation rate
The measured OD data were fitted with a non-linear least

square regression using the Davidon–Fletcher–Powell
algorithm (MacCurveFit ver. 1.3.3, Kevin Raner Software,
Mt. Waverley, Victoria, Australia). The adequacy of the curve
fit was determined by comparison using the Akaike
Information Criterion (10) with the dose-response curve
without hormetic reaction; y=g/(1+exp(h*log(i)-j)).

Results

The dose-response relationships of all anticancer agents were
adequately fitted to Eq. (1). The curve fit for gemcitabine is
shown in Figure 2 and the dose-response curves of all
anticancer agents are plotted in Figure 3, for which the
parameters are summarized in Table I. The dose-response
curves in Figure 3 were normalized in the x direction by
their cED50 values. The curves of gemcitabine and 5-
fluorouracil, which have the smallest h/c ED50 ratios, exhibit
the most pronounced hormetic behaviour.
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Table I. Parameters of dose-response curve

Drugs Mh hED50 cED50 h/c ED50 RT MS
(%) (μg/ml) (μg/ml) ratio (%) (μg/ml) (%)

Gemcitabine 52.5 4.32 4350 0.01 3250 44.7
Cisplatin 51.3 463 1370 33.8 1040 5.4
5-Fluorouracil 50.1 0.109 47.8 0.23 57.7 32.5
Paclitexel 36.8 5.12 44.9 11.4 13.9 11.2
Vinorelbine 156.3 36.3 70.9 51.2 80.3 5.9

Mh: Maximal response of hormetic reaction, hED50: ED50 of hormetic
reaction, cED50: ED50 of cytotoxicity, h/c ED50 ratio: percentage of
hED50 against cED50, RT: reduction threshold that means the drug
concentration on “y=baseline”, MS: maximum stimulation meaning the
highest actual stimulation rate.

Figure 1. The theoretical dose-response model for anticancer agents with a hormetic reaction. The red line corresponds to the dose-response curve
with cytotoxicity only, the blue line to hormesis only, and the black line to the case with hormesis and cytotoxicity. Mh: maximal response of hormetic
reaction; hED50: ED50 of hormetic reaction; cED50: ED50 of cytotoxicity; RT: reduction threshold (the drug concentration on y=Baseline); MS:
maximum stimulation (the highest stimulation rate).
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Figure 2. The dose-response curve of gemcitabine. Black markers correspond to the measured absorbance values of the solution (OD). The blue
line is the calculated dose-response.

Figure 3. The dose-response curve of the five anticancer agents. The drug concentrations have been normalized to their ED50 values.



The time course of the hormetic reaction in 5-fluorouracil
is shown in Figure 4. We observed an exponential increase
in Mh over the 24-h period.

Discussion 

A hormetic reaction caused by a chemical substance was first
reported by Ehrlich et al. in 1943 (11). Although this was a
study on wood fungus rather than human cancer tissue, the
growth of unwanted cells was caused by an antibiotic
substance. Similar hormetic reactions in the human body,
caused by radiation therapy, continue to be investigated (2-
4). No previous research, however, has developed a precise
method for identifying hormetic reactions in human cancer
cells caused by anticancer agents. In this study, we fulfilled
this need. Our in vitro study suggests that all anticancer
agents can induce hormetic reactions.

We have no direct data to confirm whether hormetic reactions
occur in the chemotherapy of patients with malignancies. In our
previous study, when we collected the data for the histoculture
drug response assay (HDRA) of the specimens from patients
with non-small-cell lung cancer (NSCLC), we noticed that
inhibition rates of some patients were under zero percent (12).
This indicated that anticancer drugs show a promotive effect on
resected NSCLC specimens; i.e., hormetic reactions can occur
in patient NSCLC specimens in vitro. The frequency of the
specimens with hormesis were 2.3% (cisplatin), 6.2% (5-
fluorouracil), 4.3% (doxorubicin), 0.8% (mitomycin-C), 6.3%

(etoposide), 11.6% (irinotecan), 10.8% (docetaxel), 2.9%
(paclitaxel) and 8.8% (gemcitabine). These specimens were thus
resistant to the anticancer drugs because of the hormetic reaction.

We observed several cases that appear to have dose-
response curves with a hormetic reaction caused by
paclitaxel in the HDRA of the specimens from NSCLC
patients (Figure 5). Unfortunately, we were not investigating
the hormetic reaction at that time, so we did not measure
data in the low-dose area that would have served for
quantitative analysis of the hormetic reaction (13).

The HDRA is more reliable to evaluate chemosensitivity
than other assay methods (14, 15). It maintains cell-to-cell
contact, which results in good cell viability, and has predictable
clinical responses. For these reasons we believe that hormetic
reactions occur in patients with malignant tumors.

In this study, the hormetic reactions of anticancer agents
acting on NSCLC cells in vitro exhibited sigmoidal dose-
response curves. This was predicted by our theoretical
model. The promotive effect of hormesis appeared to be
more pronounced when the h/c ED50 ratio was much lower.
Our theoretical model may prove useful for predicting how
hormetic reactions affect chemotherapy in patients treated
with anticancer agents.
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Figure 4. The time course of the maximal hormetic response (Mh) in 5-fluorouracil.
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Figure 5. The dose-response relationship of non-small cell lung cancer specimens for paclitaxel in the histoculture drug response assay. The hormetic
effect is evident.


