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Abstract
Objective: Solid tumors usually have a complex cellular 
components and intercellular interactions in a complex tu-
mor microenvironment. We used a mathematical HK model 
to predict the change of drug resistance to cisplatin in a 
mixed sensitive and resistant human cervical cancer cell 
population and then employed a cytosensitivity assay to 
evaluate if biological findings could confirm this change pre-
dicted by HK model.

Methods and materials: We used the HK model to predict 
the resistance to cisplatin in the mixed cell population. To 
confirm this prediction, we mixed the sensitive and resis-
tant cancer cells and studied their resistance to cisplatin. 
Separate sensitive and resistant cells were also set up as 
controls. Two human cervical cancer cells 2008 (sensitive) 
and 2008/C13*(resistant) were grown in RPMI 1640 medi-
um supplemented with 10% FBS. The cytosensitivity was 
evaluated with MTT assay.

Results: Based on HK model, our hypothesis was that af-
ter mixing the two cell lines with different resistance, due 
to intercellular connection and communication (“talking” 
&“opinion change”), the resistant cells would instigate the 
sensitive cells to become more resistant, and therefore, the 
mixed population would show a different property with more 
resistance. We mixed the same amounts of sensitive and 
resistant cancer cells and treated them with cisplatin and 
compared with their corresponding IC50s of parental cells. 
In different cell number groups of 1000, 2000, 4000, and 
6000 cells, the ratios of the mixed cell population IC50s over

the average IC50s of sensitive and resistant cells, showed 
the same tendency. Namely, with the longer incubation pe-
riod from day 2 to day 7, the ratios consistently became 
increased at evey cell number group, which perfectly im-
plied the increasing resistance to cisplatin in the mixed cell 
populations. In other words, after mixing the cells, the sen-
sitivity of the mixed cell population was not as simple as the 
average of sensitive and resistant cells, but showed more 
resistant, which was interestingly compatible with the HK 
model prediction.

Conclusion: For the first time, with a HK model we cor-
rectly predicted the increased drug resistance in a mixed 
cancer cell population, which was demonstrated by our bi-
ological experiments in vitro. Based on these findings, we 
see here that the mathematical HK model can be employed 
to lift our vision up with novel idea in the research of che-
moresistance field. The underlying mechanism is open for 
further exploration.
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Introduction
Chemotherapeutic resistance, no matter whether 

intrinsic or acquired, is a leading obstacle to success-
ful management of patients with cancer. The majority 
of the current research in this chemoresistance field 
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any given issue of a population. We speculate the tu-
mor cells in a solid tumor would behave like a commu-
nity and these cells will interact as do people. Based on 
HK model, our hypothesis is that after mixing the sensi-
tive and resistant cells, due to intercellular connection 
and communication, the resistant cells will instigate the 
sensitive cells to become more resistant and not the re-
verse under drug exposure pressure, and therefore, the 
mixed population will show a different property from 
the original status - namely, more resistant, which we 
call it “1 + 1 > 2 effect”. This study is to focus on a mixed 
cell population to investigate this change of resistance 
to cisplatin, which is the most commonly used thera-
peutic drug in solid tumor chemotherapy. To our knowl-
edge, this is the first paper to use a mathematical HK 
model to predict and investigate the biologic change.

Methods and Materials

Hegselmann-Krause (HK) model and Prediction 
for drug resistance

As the picture showed in Figure 1a, each dot in the 
HK model stands for an individual with different opin-
ion on any type of different topics like entertainment, 
faith, sport, etc [3]. The HK model is most often used 
to predict evolution in opinions of persons. Opinions 
are quantified as numbers between 0 and 1, inclu-
sive, based on extremeness of stance, although the 
range has no significance and can be changed. Opin-
ions x1(t),…., xm(t) of individuals 1,….,m, respectively, 
on any given issue, as a function of time, will change 
as a result of interaction and influence. A confidence 

are mainly focusing on comparing resistant cells with 
sensitive ones, finding out the difference, focusing on 
the underlying mechanisms and then trying to figure 
out a way to reverse it. However, a solid tumor in vivo 
is not this simple. An irregularly shaped solid tumor, 
actually is not composed of pure cell population but a 
cellular mixture from single or multiple clones of stem 
cells [1], which are also characterized with different 
biological properties including different resistance to 
chemotherapeutic drugs. Plus the complex tumor mi-
croenvironment due to different degree of hypoxia, 
glucose level, and blood supply [2], the fact that a solid 
tumor is composed of a mixture of tumor cells with 
different resistant degree is easily understandable. 
Thus, how do these different cell populations affect 
each other in a solid tumor microenviroment? Are the 
more resistant cells making the sensitive ones more 
resistant? As yet the answer is unknown. If the answer 
is yes, the current management for patients with solid 
cancer may need to be retuned. For example, during 
the current chemotherapy cycles of ovarian cancer, 
the regimen may not be able to keep the same from 
cycle one to cycle six, but should be retuned accord-
ing to the changed biological profiles, for example the 
increased resistance, to further improve patient prog-
nosis. Based on the changing biological properties of 
a solid tumor with cellular heterogeneity, this kind of 
adjustment will act in concert with the initial intention 
of promoting wellness in current precision medicine.

HK model is a simple model frequently utilized in 
opinion dynamics to predict the opinion evolution on 
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Figure 1: HK typical model in a community with many individuals with different opinions (a), when the confidence bound 
(ϵ) from (b) to (f) increases enough, the opinion (“sensitivity to cisplatin”) of this individual population will finalize into one, 
meaning finally reaching the same opinion on one single topic.
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MTT assays were performed as described previous-
ly [4]. Briefly, three group of cells, including the sen-
sitive 2008 cells (called sensitive group), the resistant 
C13 cells (called resistant group), and the mixed sen-
sitive and resistant cells (called mixed group), were 
seeded onto 96-well plates in triplicate at different cell 
number (1000, 2000, 4000, and 6000 cells) with dif-
ferent concentrations of cisplatin (0, 0.1, 0.5, 1, 2, 5, 
10, and 20 µM). The mixed cell group is composed of 
final equal cell number but with half amount of sensi-
tive and resistant cells (namely 500/500, 1000/1000, 
2000/2000, 3000/3000) to keep the total cell number 
unchanged. Sensitive group and resistant group were 
set up at the same time as controls. The cells were in-
cubated for 1, 2, 3, 4, 5, 6, and 7 days at 37 °C in tissue 
culture incubator with 5% of carbon dioxide (CO2). 10 
μl of MTT (stock concentration 5 mg/ml) was added to 
each well 5 hours before the end of each incubation 
period. The resulting intracellular purple formazan was 
solubilized in 100 μl of isopropanol/hydrochloride (v:v 
= 100:1). The plates were then scanned at 595 nm in a 
96-well plate reader. Each experiment was performed 
three times separately in triplicate.

Statistical analysis
The linear regression analysis for IC50s and paired 

t-test were performed using Excel and the SigmaStat 
Statistical Analysis System, Version 1.01. P values were 
considered to be significant when p < 0.05.

Results

Mathematical HK model prediction
Based on the simple observation, we replaced each 

individual in a community with a single cancer cell and 
the sensitivity to cisplatin (sensitive or resistant) as two 
different opinions in a mixed cell group with sensitive 
and resistant cancer cells. Then we treated the mixed 
cell group and checked their change of sensitivity from 
day 2 to day 7. Based on the same mechanism of HK 
model opinion dynamics, our hypothesis was that un-
der the pressure of chemotherapeutic drug treatment, 
the final confidence bound (ϵ) should be big enough 
as “survival”, and therefore, the final “opinion” of the 
mixed cell group should be more resistance, other 
than the reverse.

Experimental results
To demonstrate the novel hypothesis above, we 

employed MTT assay. With MTT assay in our labora-
tory, we usually treated cells for 72 hours because 
the doubling times for both 2008 and C13 cells are 24 
hours [4]. In this experiment, we did not collect data 
after 24-hour treatment (day 1) based on our previous 
experience because without 2-3 doubling time, it is dif-
ficult to evaluate the real effect of the drug on cells. 
The IC50s at short cutoff time will be dramatically high 
as the data shown here at Day 2. For chemosensitivi-

bound ϵ is given so that agent I,j, (1 ≤ i, j ≤ m) will in-
teract/influence each other only if |xi – xj| ≤ ϵ. Each 

agent’s opinion is updated as follows: For each i. 1 ≤ i 

≤m, ,  = 1

,  = 1

( ) * ( )
 = 
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m
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m
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W t x t
x

W t
∑

∑
, where Wi.j (t) = 1 if |xi – xj| 

< ϵ, and Wi.j (t) = 0 otherwise.

Simply speaking, as the HK model in the figure 
showed Figure 1, in a community with many individuals 
with different opinions (a), when the confidence bound 
(ϵ) from b to f increases enough, the opinion of this 
same individual group (population) will finalize into one, 
meaning reaching the same opinion on a single topic 
finally. This model can be taylored to predict changes 
in cell resistance, where each cell takes the place of an 
individual, with “opinions” (sensitive or resistant) repre-
sented by their sensitivity to cisplatin.

Cell Lines
The human cervical cancer cells 2008 (cisplatin sen-

sitive) and C13 (cisplatin resistant) were grown in RPMI 
1640 medium supplemented with 10% FBS and genta-
mycin at a final concentration of 10 μg/ml as described 
previously. Cell culture reagents and Gentamicin were 
obtained from Cell-grow (Herndon, VA). The drug cis-
platin was from Aldrich Chemical Co. (Milwaukee, WI). 

Cytosensitivity test
Measurement of cell viability and proliferation 

forms the basis for numerous in vitro assays of a cell 
population’s response to chemotherapeutic drug. The 
cytosensitivity to cisplatin of the mixed cell group was 
assessed and compared to the parental cisplatin-sen-
sitive and -resistant cells utilizing IC50 values, which 
were determined by the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) assay. The re-
duction of tetrazolium salts is now widely accepted as 
a reliable way to examine cell proliferation. The yellow 
tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-di-
phenyltetrazolium bromide) is reduced by metaboli-
cally active cells, in part by the action of dehydroge-
nase enzymes, to generate reducing equivalents such 
as NADH and NADPH. The resulting intracellular purple 
formazan can be solubilized and quantified by spectro-
photometric means. The MTT Cell Proliferation Assay 
measures the cell proliferation rate and conversely, 
when metabolic events lead to apoptosis or necrosis, 
the reduction in cell viability. The number of assay 
steps has been minimized as much as possible to ex-
pedite sample processing. The MTT Reagent yields low 
background absorbance values in the absence of cells. 
For each cell type the linear relationship between cell 
number and signal produced is established, thus allow-
ing an accurate quantification of changes in the rate of 
cell proliferation.

https://doi.org/10.23937/2469-5807/1510102
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platin, MTT assay is still a good approach for a short or 
longer time as long as living cells exist (Figure 2). The 

ty evaluation, we even did not treat cells more than 3 
days. However, to evaluate the inhibitory effect by cis-

     

Figure 2: Human cervical cancer sensitive (2008) and resistant (2008/C13*) cell morphology (a) and the change of cellular 
morphology under different concentrations of cisplatin(0, 0.1, 0.5, 1, 2, 5, 10, 20 μM) for 4 days (b) and the formation of 
formazan crystal with MTT (final concentration 5mg/ml) at the same time (c). 

Table 1: Cytosensitivity to cisplatin in representative 4000-cell group evaluated by MTT assay. The values presented from three 
independent experiments, each performed in triplicate. These values stand for IC50 values to cisplatin in each cell group. Data 
are expressed as mean ± S.D. *p < 0.05 but #p > 0.05 when compared with average IC50s.

IC50 values to cisplatin (mean ± S.D)

Cell group 2008 C13 Mixed cells Average IC50 (2008 
and C13)

Ratio of IC50s of (mixed 
group/average) (%)

Day 2 11.88 ± 3.54 768.36 ± 23.65 32.52 ± 5.66* 390.12 ± 18.45 0.08

Day 3 0.99 ± 0.23 6.60 ± 1.03 1.74 ± 0.34* 3.80 ± 0.78 0.46

Day 4 0.50 ± 0.12 1.04 ± 0.35 0.55 ± 0.23* 0.77 ± 0.24 0.71

Day 5 0.44 ± 0.09 0.63 ± 0.11 0.45 ± 0.24* 0.54 ± 0.17 0.84

Day 6 0.33 ± 0.13 0.54 ± 0.07 0.44 ± 0.17# 0.43 ± 0.11 1.03

Day 7 0.28 ± 0.07 0.42 ± 0.09 0.36 ± 0.10# 0.35 ± 0.08 1.04

https://doi.org/10.23937/2469-5807/1510102
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reported before. And more important, the HK model 
accurately first predicted this phenomenon, which was 
later on confirmed here with a simple cytosensitivity 
assay.

Discussion
In this study we employed a mathematical HK mod-

el to predict the possible dynamic change of cisplatin 
resistance in a mixed cell group with sensitive and re-
sistant human cervical cancer cells. In the HK model, 
we assumed the confidence bound parameter ϵ as 
survival, it predicted that the mixed cell group would 
be more resistant to cisplatin as long as these cells 
were mixed together for enough long period. Based 
on this novel thought, we did cytosensitivity assay 
by mixing both sensitive and resistant cervical can-
cer cells. Our findings in all mixed cell number groups 
showed beautiful consistency, namely, the increased 
IC50s ratio or resistance to cisplatin when compared 
with corresponding average IC50s from day 2 through 
day 7. To our knowledge, this is the first paper that 
employed a mathematical HK model to predict and 
confirm the biological change of increased drug resis-
tance in a mixed cell population. The importance that 
matters is the mixed cell population caught a new 
biological characteristic- more resistance. The mixed 
cells are not simply admixed but a real mixture with 
more resistant change, which would imply the more 
resistant feature of a solid tumor with mixed cellular 
populations.

In a real solid tumor environment, the intercellular 
interactions are very profound. As a matter of fact, a 
solid tumor consists not only of a heterogeneous pop-
ulation of cancer cells, but also a variety of secondary 

IC50s to cisplatin at Day 3 for 2008 (0.99 ± 0.23 µM) 
and C13 (6.60 ± 1.03 µM) cells are consistent with the 
data in our previous report, meaning that C13 (a.k.a 
2008/C13*5.25) cells are about 7 times more resistant 
to cisplatin than the parental sensitive 2008 cells [5].

From day 2 through day 7, the MTT assay results 
suggested decreasing IC50s to cisplatin (Table 1, the 
representative 4000-cell group, which shows the same 
tendency as other cell groups with 1000, 2000, and 
6000 cells (data not shown here) in sensitive 2008 
cell group, resistant C13 cell group, and the mixed cell 
group. Particularly, by comparison with the average 
IC50s, the mixed cell group did not show increased 
IC50s values but lower from day 2 through day 5 and 
insignificant change on day 6 and day 7. By the actual 
values, the IC50s of mixed group are only a little bit 
higher than those of sensitive group (2008 cells) and 
between sensitive group and resistant group. These 
findings are consistently same in every different cell 
groups (1000, 2000, 4000, and 6000 cells) (data not 
shown here). However, when we calculated the ratio 
of the IC50s of mixed groups to the IC50s of the aver-
age, we surprisingly found these ratios are beautifully 
and significantly increasing in every cell groups from 
day 2 through day 7 (Figure 3). This finding simply 
means that even though all IC50s of three groups are 
decreasing in parallel, the IC50s of mixed cell group are 
dropping relatively more slowly when compared with 
the average IC50s of parental cells. In other words, 
these mixed cells are not just simply mixed together as 
two independent cellular populations, but even more, 
they affected each other by showing a more resistant 
tendency to cisplatin from day 2 through day 7. This is 
a very interesting finding that we have not seen being 

     

Figure 3: The increasing ratios of mixed cell group IC50s over the average IC50s of sensitive and resistant cells in 1000 
(a); 2000 (b); 4000 (c); and 6000 (d) cells from day 2 to day 7.  

https://doi.org/10.23937/2469-5807/1510102
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