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Abstract Multi-drug resistance (MDR) can be explained

by a drug handling-type activity. In this context it is also

necessary to consider the multi-specificity between drugs

and drug transporters in order to explain MDR. Accord-

ingly, the efficiency of drug efflux in MDR has always

been a conceptual problem in biochemistry. Indeed, how

one protein can expel, from cells, hundreds of compounds

with high specificity is still controversial today. To safe-

guard the notion of biochemical specificity, many studies

have suggested alternative mechanisms to Pgp-mediated

drug resistance, which do not involve the handling of

drugs. However, none of these studies have definitively

ruled out the possibility concept of drug handling. Thus,

until now it was not possible to imagine MDR without

drug-transporter affinity or specificity. However, drug-

transporter affinity is not always needed to generate what

appears to be a very efficient chemical reaction. Indeed,

based on the fact that bi-dimensional diffusion properties

(i.e. diffusion in the membrane) are paramount to explain

drug pumping-mediated MDR, it is possible to suggest how

specific mathematical properties of random motions can be

used to construct a model of Pgp-MDR, providing that Pgp

oscillates between open/drug-accepting and closed/drug-

expelling conformations. This different viewpoint high-

lights the fact that the multi-specificity of drug transporters

and the ‘‘vacuum cleaner’’ hypothesis may actually be two

sides of the same coin, both explained by the diffusion

properties of drugs in the membrane. After retrieving basic

results, predictions will be highlighted. Finally, the

coherence of this model in the context of cancer biology

will be discussed further.
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Introduction

In 2007, the American Cancer Society report concluded

that cancer kills *7 m person a year worldwide (1 in 8

deaths). One of the major concerns in this field is that many

cancers fail to respond to chemotherapy by acquiring

multi-drug resistance (MDR), to which has been attributed

the failure of treatment in over 90% of patients with met-

astatic cancer [25]. Furthermore, it is now recognized that

cancer aggressiveness, i.e. the metastatic potential of

tumours, is related to MDR [18, 44]. Although MDR can

have several causes [40], one major form of resistance to

chemotherapy has been correlated with the presence of

membrane molecular ‘‘pumps’’ that actively transport

drugs out of the cell. Historically, it was in 1973 that Dano

Keld suggested that the mechanism of resistance was due

to an outward efflux of drugs that ‘‘vacuum clean’’ drugs

from cells [4]. This hypothesis gained credence 3 years

later when P-glycoprotein (Pgp) was identified as the

membrane protein over-expressed in MDR cancer cells that

actively extrude membrane-embedded drugs [17]. Since

then and further to an important body of works, a recent

structural study has enabled the molecular basis of Pgp to

be defined with remarkable precision [2]. This last study

suggests that when ATP molecules bind to Pgp, slight
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conformational changes promote a ‘‘power stroke’’ leading

to the passage of drugs from the inner leaflet to the outer

one [2, 36].

Although the molecular model of Pgp has permitted a

relatively simple representation of MDR in agreement with

the usual concepts issued from the field of biochemistry,

how a single protein can expel structurally different drugs

is still poorly understood. Indeed, ‘‘controversy remains

over how P-gp recognizes hundreds of different hydro-

phobic drugs and pump them out of the cell…’’ [15].

Beyond this last remark, there is something far more sig-

nificant and important at stake: the Pgp-mediated MDR

model does not conform to the fundamental notion of

specificity and seems to challenge the roots of biochemis-

try. This conceptual issue was exposed early and very

clearly by Paul Roepe: ‘‘…MDR cells are resistant to, and/

or exhibit decreased retention of, literally hundreds of

different hydrophobic compounds that are structurally

divergent… Membrane transporters, like soluble enzymes,

are exquisitely substrate-specific… If transporters were not

specific, the cell would eventually become a high entropy

chaotic mess…[as there are] no structural molecular

motifs common to all the many different agents to which

MDR cells are resistant…MDR protein is a very unusual

enzyme with extraordinarily broad substrate recognition

capabilities; that is, it violates the law of enzyme speci-

ficity’’ [33].

Given the paramount importance of the notion of

‘‘specificity’’ in classical biochemistry and cell biology,

various models were put forward to explain MDR

without absolutely requiring a drug-handling activity; by

characterizing the interactions between the physico-

chemical properties of drugs and biophysical changes

recurrent in MDR cells, i.e. involving membrane poten-

tial [43], cytosolic pH [40, 43] and membrane recycling

[29, 30].

Although conceptually satisfying and in accordance

with the notion of specificity and, hence, basic Laws of

biochemistry, it is worth noting that all these models have

their own limits and that they cannot rule out completely

the involvement of drug-handling by transporters. Indeed,

the transport of drugs can coexist with the biophysical

changes mentioned above. For example, it was demon-

strated that changes in the cytosolic pH of MDR cells

occurs in parallel to Pgp-mediated drug pumping, in a

symport-like mechanism [12]. Given the paramount

importance of cytosolic pH changes in the models that have

tried to explain MDR without using a drug-handling-type

activity, this study suggests that all the biophysical changes

observed are parallels to Pgp-mediated drug extrusion

[1, 13].

Thus, how Pgp functions is still an open and debated

matter.

The central idea that leads to this conceptual issue is the

fact that Pgp is considered as a transporter that must

‘‘handle’’ drugs to expel them. As a result, it is the ‘‘han-

dling’’ of drugs that suggests the existence of some

chemical reactions between Pgp and drugs. Naturally, if a

chemical reaction is suggested, all the formalism from

enzymology can then be used and thus the notions of

affinity or specificity should apply.

To resolve the issue, i.e. to step away from the strict

‘‘handling’’ mechanism, one approach is to suggest that

Pgp oscillates between two conformations: a drug-accept-

ing/open conformation and a closed conformation

(whereby a drug can be expelled via the power stroke

suggested above). Hence, function of ATP concentration,

the problem to resolve is to find out the probability that a

drug diffusing in the membrane meets a Pgp in an open

conformation. Posing the problem this way: (a) is coherent

with most biological data concerning Pgp; (b) can explain

the role of modulators (we shall develop this point later);

and (c) calls in particular mathematical properties emerg-

ing from the ‘‘random walk’’ theory that are, sometimes,

more informative than basic thermodynamics. In particular,

an important result in this field is known as Polya’s theo-

rem. This theorem demonstrates that over long enough

periods of time, a diffusion in two dimensions (2D), or

lower, will visit all the space; see [28] and references

within. Translated in simple terms, this theorem affirms

that drugs will meet Pgp if they stay long enough in the

membrane.

Given the importance of drug–membrane interactions in

MDR [9, 31] to favour the lateral diffusion of drugs in the

membrane to meet transporters, this theorem is likely to be

central in MDR. As previously discussed [28], to be

extruded drugs must come in contact with transporters. If

drug transporters oscillate between open (drug-accepting)

and closed (drug-expelling) states and if the diffusion takes

place in a space that permits the drug to visit the whole

space many times, then the drug will inevitably meet a

transporter, possibly more than once, until extrusion takes

place. It follows that there is no need for high chemical

affinity or specificity in this case. Thus, the apparent effi-

ciency of Pgp-mediated multi-drug resistance would sim-

ply rely on the capability of the system to promote

meetings between drugs and transporters. In this case, this

would be driven by the dimensionality of the system in

which MDR takes place.

After introducing the problem, a toy model based on

random diffusion will be developed, that will allow us to

make important predictions and to discuss the role of drugs

and modulators in multi-drug resistance. We shall see that

we can obtain Michaelis–Menten-like equations for Pgp

function in which no affinity appears. The model will be

discussed against data from the field of drug resistance.
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In addition, the model will be discussed and re-framed

within the field of cancer biology to demonstrate its

coherence and importance in the metastatic process.

Position of the Problem

This aim of this study is to understand and describe the

relationships between spatial diffusion of chemicals in the

membrane, the activation energy of their transverse

movement across the membrane and, chance of meeting a

transporter in an open configuration ready to expel them.

Pgp is an ABC transporter that needs ATP in order to

expel drugs. In cells Pgp maximal velocity, measured via

ATP conversion to ADP, is, in most of the cases (e.g.

excluding cyclosporine A), relatively independent of the

drugs themselves [21]. Given that the cytosolic concen-

tration of ATP (3–5 mM) always exceeds the affinity of

Pgp for ATP (KmATP * 0.3–1 mM) [6, 15], the drug

transporter is very likely oscillating between two confor-

mations: one accepting drugs (open) and the other one

expelling drugs (closed). Therefore, one can legitimately

suggest that the probability that a drug meets a Pgp in an

open configuration is 1/2 due to the absence of correlation

between the position of drugs and Pgp activity (Fig. 1a).

Upon incorporation into the membrane, drugs must dif-

fuse in the membrane to interact with Pgp-like transporters.

The diffusion time, or in other words residency time in the

membrane, is related to the physical interaction between the

drug and the membrane. One shall note ‘‘E’’ the activation

energy needed to cross the membrane (Fig. 1b).

Whilst remaining in the membrane drugs diffuse. Dif-

fusion properties are dependent on the number of spatial

dimensions [28]. More precisely, diffusions taking place in

2D (or 1D) are necessarily recurring and will visit the

whole space. In this context, there is a connection expected

between the type of spatial diffusion (involving a dimen-

sional aspect), the activation energy, and the chance of

meeting a transporter in an open state (Fig. 1c). When the

system involves one drug at low surface concentration, the

problem can be solved relatively easily [31]. Problems

arise, however, when the surface concentration of

drug(s) increases or when they have long residency time in

the membrane. In both cases, there will be competition

between drugs over transporters that will be function of the

pumping kinetics and ability of drugs to diffuse. Said dif-

ferently, the probability that a drug meets a transporter

involved in expelling another drug can be important. In the

clinic, drug resistance modulators are used in conjunction

with drugs to re-sensitize drug resistant tumour cells and

reverse the effect of transporters. In this context it may well

be that modulators need to have properties that will facil-

itate their interaction with transporters.

Table 1 lists the notations that will be used and give

their definition.

Drugs Meeting Transporters: A Toy Model

Three time scales can be determined: (a) the transverse

diffusion time across the membrane of thickness h, i.e.

� h2=D (the diffusion coefficient, D, shall be considered

constant across the membrane); (b) the residency time of

drugs in the membrane, T; and (c) the pumping kinetic, s.

(b) and (c) can be scaled by the transverse diffusion time.

In which case, N� ¼ DT=h2, is the number of steps per-

formed laterally by the drug in the membrane and,

dn ¼ Ds=h2, is the equivalent number of lateral steps

required to expel drugs. The overall problem can be

reduced to a straightforward probability calculation if,

instead of the number of lateral steps performed by the

drug in the membrane, we focus solely on the non-recur-

ring lateral steps. For N� large enough the number of non-

recurring steps, N, in 2D can be expressed as: N ffi
pN�= ln N�ð Þ [35]. Let us note q ¼ NpgpSpgp=Scell the sur-

face density of transporters where: Npgp, is the number of

transporters; Spgp the cross-section area of Pgp in the

membrane (supposed constant) and; Scell the cell surface

area, respectively. One shall assume that each time a drug

meets a transporter, its residency time in the membrane is

reset to zero. In this context, given a random walk made of

N non-recurring steps in total, there are ‘‘N’’ possibilities of

placing a transporter on the random walk considered,

‘‘N - 1’’ other possibilities of placing a second transporter

on the same random walk, and so on… Given that drug

transporters have a similar effect on resetting the residency

time of drugs in the membrane, the product of possibilities

has to be divided by the number of possible permutations.

Therefore, the probability that a drug meet ‘‘i’’ transporters

on its N-step path is:

pNðiÞ ¼
N!

N � ið Þ!i!q
i 1� qð ÞN�i ð1Þ

Let us note, v: the probability that a drug is effectively

expelled when it meets a transporter (Fig. 1a, d). Using

basic cumulative probability rules, it follows that the

probability that a drug meets ‘‘i’’ transporters on its N-step

path and is expelled ‘‘k’’ times (k B i) as a result is:

pN i; kð Þ ¼ N!

N � ið Þ!i!q
i 1� qð ÞN�i i!

i� kð Þ!k!
vk 1� vð Þi�k

� �

ð2Þ

If we want to determine the probability of a drug being

expelled, whatever the number of times the drug is

expelled on its N-step path, summations over ‘‘k’’ in first
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and ‘‘i’’ in second must be performed. This leads to the

following convolution product:

pN ¼
XN

i¼1

N!

N� ið Þ!i!q
i 1�qð ÞN�i

Xi

k¼1

i!

i� kð Þ!k!
vk 1� vð Þi�k

� �

ð3Þ

Using the binomial identity, Eq. 3 can be rewritten as:

pN ¼ 1� 1� vqð ÞN � 1� e�Nvq ð4Þ

Equation 4 demonstrates that the probability of not

being pumped by a transporter decreases exponentially

with the residency time in the membrane. Finally, using

Eq. 3, it is possible to determine the average number of

pumping, nh i, a drug will have to suffer during its journey

in the membrane:

nh i¼
XN

i¼1

N!

N� ið Þ!i!q
i 1�qð ÞN�i

Xi

k¼1

i!

i�kð Þ!k!
kvk 1�vð Þi�k

� �

¼Nvq

ð5Þ

If we assume a high surface density of Pgp and low

concentration of drugs in the membrane, so that the

A

B

C

D

Fig. 1 a One shall assume that drug transporters oscillate between

open and closed states independently of drugs and that, only when a

drug (plain circle) meets a transporter in the inner leaflet whilst the

later is in the open configuration is the drug expelled by the

transporter. b Representation of profiles of different energies involved

when drugs cross the bilayer membrane. We shall take Kramer’s

standpoint with only leading orders being involved [5]. The first term

(left) of energy considered is the dehydration energy, noted: G. The

second energy (centre) is mechanical and involves the difference in

surface tensions between leaflets (Dr), noted: �Dra. In the previous

relations, ‘‘a’’ is the cross-sectional area of drugs in the membrane.

Finally, the last term of energy (right) is electrical and involves the

interaction between the drug charge (Q) and the membrane potential

(DV), noted: QDV . The latter interaction is modelled as a capacitor.

Altogether these energies set up the pace at which drugs can cross the

membrane. The sum of all these energies (E ¼ G� aDrþ QDV)

shall be called activation energy and will be noted ‘‘E’’. Finally and as

demonstrated elsewhere using Boltzmann’s description of accessible

states [31], the probability that a drug is in the inner leaflet is

expð�G=kBTÞ where kB and T are the Boltzmann’s constant and the

absolute temperature, respectively. This means that once a drug has

met a Pgp, the probability that the drug is expelled is v ¼ e�G=kBT=2.

The factor 1/2 is for the fact that the transporter has to be in an open

configuration. c Schematic representation of Polya’s theorem. This is

certainly not a proof of Polya’s theorem but a good exercise to

visualize how the spatial dimensions generate interesting properties

regarding Brownian diffusion. Thus, this is a hand waiving

explanation of Polya’s theorem. Let’s consider a Brownian diffusion

in a space which dimension is ‘‘d’’. After a sufficiently long time, the

Brownian particle would have diffused within a volume V �Rd . The

volume of diffusion is necessarily related to time, and as far as

Brownian diffusion are concerned, the radius of the volume of

diffusion is expressed as R� t1=2. Thus, the volume is related to time

by the following relation: V � td=2. As seen in the figure, as time goes

on the particle will visit more and more dots composing the volume.

By dots one means the number of particles that can be inserted in

the defined volume. In actual fact the number of dots (N) visited in

the volume of diffusion is proportional to time: N � t. Consequently,

the density of dots visited in the volume of diffusion is: N=V � t1�d=2.

As a result, when d [ 2 the ‘‘density of visitation’’ decreases with

time, which means that many sites will be left unvisited. Conversely

when d B 2 it can be proven that the density of visitation is always

one, which means that all the sites will be visited at least one time

even so if, for this to happen, we have to wait long enough. All this

formalism is further developed in [35]. d Representation of drug–

transporter and drug–drug–transporter interactions. In the former

case, the probability that a drug meets a transporter on its path is

linked to the surface density of transporters and to the activation

energy (seen in b above). When many drugs are present, competition

over transporters can occur in which case, a drug (dark trace) can

encounter a transporter that is extruding another drug (light trace).

The dashed line in the figure represents what the path would have

been without meeting a transporter
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probability that two drugs meet the same Pgp over a time

interval equivalent to the pumping time is negligible; the

amount of drugs, Nm, remaining in the membrane as a

function of time can be written as:

ot=T Nm ¼ � 1� pNð ÞNm ¼ �e�NvqNm ð6Þ

In Eq. 6 the time has been normalized by the residency

time of drugs in the membrane. Equation 6 demonstrates

that the amount of drugs, Nm, remaining in the membrane

decreases exponentially (Nm� e�t). However, Eq. 6 is

equivalent to the instance where the pumping time is

supposed to be instantaneous. This is too simplistic a

description needs to take into consideration the pumping

kinetic.

Competition Between Identical Drugs Over

Transporters

Once a drug meets a transporter, only immediate pumping

and extrusion have been implicitly considered so far.

However, drug extrusion via transporters is not instanta-

neous. Therefore, two drugs may meet the same trans-

porter within a time interval corresponding to the pumping

kinetic. This means, therefore, that a drug may meet a

transporter without being expelled simply because the

transporter is occupied with handling another drug. As a

result Pgp-mediated drug resistance is expected to be

re-sensitive to drugs in two conditions: (i) once a thresh-

old concentration of drugs in the membrane has been

Table 1 List of notations used
Variables Definition

D Transmembrane diffusion coefficient of drugs

~D Transmembrane diffusion coefficient of modulators

h Membrane thickness

N� ¼ DT=h2 Number of steps performed laterally by a drug in the membrane

~N� ¼ ~D ~T=h2 Number of steps performed laterally by a modulator in the membrane

dn ¼ Ds=h2 Number of lateral steps required by Pgp to expel drugs

d~n ¼ ~D~s=h2 Number of lateral steps required by Pgp to expel modulators

N Number of non-recurring lateral steps performed by drugs in the

membrane

~N Number of non-recurring lateral steps performed by modulators in the

membrane

Nm Number of drugs in the membrane at any time

~Nm Number of modulators in the membrane at any time

Npgp Number of transporters

pN Probability that a drug meets a transporter on its N-step path

p ~N Probability that a modulator meets a transporter on its ~N-step path

Spgp Cross-sectional area of transporter Pgp in the membrane

Scell Cell surface area

T Residency time of drugs in the membrane

~T Residency time of modulators in the membrane

s Pumping kinetic of drugs mediated by Pgp

~s Pumping kinetic of mediators mediated by Pgp

v Probability that a drug is effectively expelled when it meets a

transporter

q ¼ NpgpSpgp=Scell Surface density of transporters

XN;dn Probability that two drugs meet the same transporter within a time

interval of dn

X ~N;d~n Probability that two modulators meet the same transporter within a

time interval of d~n

XN; ~N;dn Probability that a drug meets a transporter first followed by a

modulator meeting the same transporter within a time interval

corresponding to the pumping time of drugs (i.e. dn)

X ~N;N;d~n Probability that a modulator meets a transporter first followed by a

drug meeting the same transporter within a time interval

corresponding to the pumping time of modulators (i.e. d~n)
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attained and/or (ii), when the drug residency time in

membrane is beyond a critical value to be determined. As

a result, Eq. 6 has to be amended to take these facts into

consideration.

The probability that two drugs meet the same transporter

whatever the time considered is thus: pN=NPgp

� �2
.

Assuming that drug handling by a transporter takes a time

equivalent to dn steps in total, competition between drugs

will occur only if two drugs meet the same transporter

within the time interval dn. The probability attached to this

event, XN;dn, can be determined analytically.

Let us consider two drugs (denoted by ‘‘Drug 1’’ and

‘‘Drug 2’’ in Fig. 2) diffusing in a membrane over a time

equivalent to N steps. We assume that these two drugs will

meet the same Pgp (blue circle in Fig. 2) with a probability,

pN=NPgp

� �2
, and we want to determine whether this double

hit will occur within a time interval dn. Assuming that

‘‘Drug 1’’ has met Pgp in first after n1 steps. This means that

it remains N –n1 possibilities for ‘‘Drug 2’’ to meet Pgp

after ‘‘Drug 1’’. As there is a total of N possibilities for

‘‘Drug 2’’ to meet Pgp, the probability that ‘‘Drug 2’’ meets

Pgp after taking n1 steps is: N � n1ð Þ=N. Similarly, the

probability that ‘‘Drug 2’’ meets Pgp before taking a total

of n2 steps is: n2=N. It follows that the probability that

‘‘Drug 2’’ meets Pgp after taking n1 steps but before taking a

total of n2 steps is: N � n1ð Þ=N � n2=N, with n2 � n1 ¼
j� dn. Thus, the previous probability has to be summed

over j ¼ 0; . . .; dn and gives:
Pdn

j¼0

N � n1ð Þ=N � n1 þ jð Þ=N.

As there are N possibilities for ‘‘Drug 1’’ to meet Pgp

first, summation over n1 needs to be performed. However,

there are boundary conditions to consider as the summation

over j ¼ 0; . . .; dn works only if n1�N � dn. Indeed let us

assume that ‘‘Drug 1’’ meets Pgp after N � dn� lð Þ where

l ¼ 1; . . .; dn. In this case, the summation j transforms to

j ¼ 0; . . .; dn� l. Noting XN;dn the probability that ‘‘Drug

1’’ and ‘‘Drug 2’’ meet the same given Pgp, XN;dn is

formally written as:

XN;dn ¼
XN�dn

n1¼0

Xdn

j¼0

N � n1

N

n1 þ j

N

þ
Xdn

l¼1

XN

n1¼N� dn�lð Þ

Xdn�l

j¼dn

N � n1

N

n1 þ j

N

ð7Þ

It is important to note that if dn is small compared to N,

then the second term in the rhs of Eq. 7 can be omitted and

we shall make this assumption. Furthermore, noting

e ¼ dn=N, using continuous integration XN;dn transforms

to XN;dn�
R1�e

0

dx
Re
0

dy 1� xð Þ xþ yð Þ. Where x ¼ n1=N and

y ¼ j=N. Note that the leading order terms resulting

from the continuous integration are: XN;dn� dn=Nð Þ=
6� dn=Nð Þ2=4.

Assuming N [ dn and using the leading order of XN;dn

in dn=N, the competition between two drugs over one

single transporter can then be approached by:

pN

NPgp

� �2

�XN;dn�
vqdn

6N2
Pgp

1� e�Nvqð Þ2

Nvq
ð8Þ

Note that Eq. 8 is maximal for Nvq * 1.2–1.3 (Fig. 3).

The decrease that follows the maximal value is related to the

fact that, two drugs meeting one given transporter over a

time interval equivalent to dn steps in total is smaller as the

residency time in the membrane increases. This is because

there are more possibilities for two paths to cross one

another without meeting the same transporter. If one

considers that there are Nm drugs in the membrane at any

time, once one chosen drug is being potentially handled by a

given Pgp, it remains Nm � 1 other potential drugs to

interfere with the drug that is being handled. Given that there

are NPgp transporters in the membrane, the amount of drugs

remaining in the membrane as a function of time becomes:

ot=T Nm ¼ � 1� pNð ÞNm �
Nm Nm � 1ð Þ

2
NPgp

pN

NPgp

� �2

XN;dn

ð9Þ

In Eq. 9, the factor 1/2 is added to avoid counting twice

pair-wise interactions between drugs and transporters.

Equation 9 is a mean field approximation of the existing

competition between drugs over transporters. Note that as

the last rhs term brings a negative function, the competition

between drugs over transporters is expected to trigger

inward leak of drugs from the membrane into the cytosol.

Indeed, let us assume that pN ¼ 1 (drugs meet

transporters), for Nm sufficiently large (i.e. Nm � 1 � Nm)

Eq. 9 transforms to: ot=T Nm� � N2
mXN;dn=2NPgp (with a

solution as: Nm � 1=t). Thus, it is not because drugs meet

transporters with certainty that drugs will necessarily be

expelled, on the contrary, this should sensitize cells.

12

Fig. 2 Sketch representing the probability that two drugs meet the

same transporter at different times whilst diffusing in the membrane

over time equivalent to N
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To further comment on this point, a parameter, K,

weighing the effect of single drug pumping (first term in

the rhs of Eq. 9) against the competition between drugs

over transporters (second term in the rhs of Eq. 9) can be

obtained by dividing these two terms:

K ¼ Nm

vqdn

12NPgp

1� e�Nvqð Þ2

e�Nvq

1

Nvq
ð10Þ

Naturally, from Eq. 10 it follows that if K [ 1, the

regime of competition between drugs over transporters

dominates the system, whereas if K\1, it is the regime

defined by the ‘‘single pumping’’ that is predominant.

Figure 3b summarizes these conclusions. Two arrows (I or

II—see Fig. 3b) can then be defined suggesting that

sensitization occurs when more drugs are added to cells

(arrow I) and/or, the residency time of drugs in the

membrane is increased (arrow II). The later result, in

appearance counter-intuitive, can highlight why the

lipophilic property of drugs seems so central to their

cytotoxicity to MDR cells [3, 8, 41].

Last but not least, the later conclusion can also highlight

how drug sensitizers (or drug resistance modulators) work

to improve sensitivity to drugs without displaying a strong

affinity to drug transporters.

Modulation of MDR with Modulators

Modulators are chemical entities that have a tendency to

sensitize multi-drug resistant cells to drugs. As far as

classic enzymology goes, we would expect the concentra-

tion of modulators required to reverse multi-drug resistance

to be similar to the concentration of membrane transport-

ers. However, albeit the explanation regarding the effects

of modulators on drug resistance is discussed in terms of

transporter inhibition, i.e. affinity to transporters, it remains

unclear why, in some cases, 10–100 excess of modulators

need to be used to reverse multi-drug resistance [22, 23].

For example, verapamil binds to Pgp but must be used at a

concentration of *10 lM to block the transport of che-

motherapeutic agents at a concentration of 100 nM to

1 lM [40]. Further adding to a lack of clear understanding

regarding the function of Pgp is the observation that the

chemical affinity between drugs or modulators and Pgp is

primarily dependent on the ability of a drug to partition in

the bilayer lipid membrane [8, 10, 16, 26, 27, 37, 39].

The present model emphasizes the ability of chemicals

to interact based on their ability to meet up. Accordingly,

the model agrees with the fact that if modulators work this

may be because they reach Pgp first, thereby placing the

transporter into an ‘‘occupied’’ state. As a result, it is sta-

tistically more difficult for a ‘‘true’’ drug to encounter any

non-occupied Pgp. This will result in more drugs traversing

the membrane and hence increasing the cellular chemo-

sensitivity. It follows here that, if drugs are outnumbered

by modulators and/or modulators stay in the membrane for

longer and diffuse more rapidly in the membrane than

drugs, possibly linked to their smaller sizes [45], then

modulation of multidrug resistance is very likely. This can

be modelled.

Let us denote by a tilde all the variables that are con-

nected to modulators. ~Nm is the number of modulators in

the membrane, ~N their time of residency in the membrane

(converted in steps number), and p ~N the probability that

modulators meet transporters. The probability that a drug

(not a modulator) meets a Pgp is given by Eq. 9 minus the

fact that the Pgp may be occupied handling a modulator

(not a drug). Accordingly, it follows:

ot=T Nm� � 1� pNð ÞNm �
1

2
N2

m

p2
N

NPgp

XN;dn

� Nm
~Nm

pNp ~N

NPgp

X ~N;N;d~n ð11Þ

The last rhs term of Eq. 11 corresponds to the com-

petition between drugs and modulators over transporters.

A

B

Fig. 3 a Representation of the interaction between drugs as a

function of non-recurring steps number, surface density of transporter

and probability for a drug to be in the inner leaflet. Note that there is a

maximal value for this interaction. b Plot of Eq. 10. The curve

delineates two areas. In the area below the curve competition between

drugs over transporters is not expected to occur. However, in the area

above the curve, competition is expected to occur. As demonstrated

by arrows I and II, there are two ways to move from the area below

the curve to the one above it. The first way is to increase drug number

and the second is to engineer drugs so that they stay for longer period

of times in the membrane
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More specifically, X ~N;N;d~nis the probability that a modulator

meets a transporter first, followed by a drug meeting the

same transporter within a time interval corresponding to the

pumping time of modulators (i.e. d~n). X ~N;N;d~n can be

determined analytically using the same formalism as for

Eq. 7 and it follows:

X ~N;N;d~n ¼
X~N�d~n

n1¼0

Xdn

j¼0

~N � n1

~N

n1 þ j

N

þ
Xd~n

l¼1

X~N

n1¼ ~N�ðd~n�lÞ

Xd~n�l

j¼d~n

~N � n1

~N

n1 þ j

N
¼ X ~N;d~n

~N

N

ð12Þ

To determine the effect of modulators on drug

resistance, let us now assume that drugs and modulators

meet transporters with a probability equal to unity (i.e.

pN � p ~N � 1) and that the pumping kinetic of drugs or

modulators are similar (i.e. dn� d~n). Using the property,

X ~N;N;d~n ¼ X ~N;d~n
~N=N (Eq. 12), and considering only the

first-order development in dn=N; it follows, X ~N;N;d~n ¼
X ~N;d~n

~N=N�XN;dn. As a result, Eq. 11 can be rewritten as:

ot=T Nm � � N2
mXN;dn 1þ 2 ~Nm=Nm

� �
=2NPgp. Now, if mod-

ulators outnumber drugs ( ~Nm 	 Nm) then Eq. 11 trans-

forms to ot=T Nm� � Nm. The latter relation shows that

modulators can ‘‘hide’’ drug transporters to re-sensitize

cells to drugs. However, the latter relation assumes that a

modulator will remain in the membrane for a time much

longer than the residency time of drugs in the membrane.

This point is not totally justified. Indeed, given that the

system including drugs and modulators is dynamic, in that

modulators do cross the membrane, a similar equation as to

Eq. 11 has to apply to modulators. To determine how drugs

and modulators are related to one another dynamically, one

needs to focus first on the number of modulators remaining

in the membrane over a time similar to their residency time

in the membrane. We shall note ‘‘ ~T’’ as this variable. It

follows in this case that:

ot= ~T
~Nm � � 1� p ~N

� �
~Nm �

1

2
~N2

m

p2
~N

NPgp

X ~N;d~n

� ~NmNm

p ~NpN

NPgp

XN; ~N;dn ð13Þ

In Eq. 13, XN; ~N;dn is the probability that a drug meets a

transporter first followed by a modulator meeting the same

transporter within a time interval corresponding to the

pumping time of drugs (i.e. dn). In this case, it is the drug

that is the modulator of ‘‘true’’ modulators. Equations 11

and 13 form a system of non-linear equations which are

difficult to solve directly. However, further reasonable

hypotheses can be made for these equations to be

amenable. The first hypothesis is that drugs and

modulators meet transporters with a probability equal to

unity (i.e. pN � p ~N � 1). The second hypothesis is that the

power stroke of Pgp is independent of the chemical

considered and solely dependent on ATP molecules

binding to the transporter [2, 21, 36]. It follows: dn ffi d~n

that, in turn, implies: X ~N;N;d~n ¼ X ~N;d~n
~N
N and XN; ~N;dn ¼

XN;dn
N
~N
. Assuming that drugs and modulators have similar

transmembrane diffusion coefficient—i.e. that they have

similar MW—as ~T=T � ~N=N at the first order,1 Eqs. 11

and 13 can be rewritten as:

oNm

o t
T

XN;dn

NPgp

� � � � 1

2
N2

m þ ~NmNm

� 	
ð14aÞ

o ~Nm

o t
T

XN;dn

NPgp

� � � � N
~N

� �2
1

2
~N2

m þ ~NmNm

� 	
ð14bÞ

Note that in Eqs. 14a and 14b the time is a

dimensionless variable. Finally, Eq. 14b shows that the

ratio between the residency times of modulators and drugs

(N= ~N) in the membrane is the fundamental variable to

consider when using modulators. Indeed, as represented in

Fig. 4 it is this parameter that sets up the sensitization to

drugs. The ability of a modulator to reverse drug resistance

has been extensively documented and the interaction

between the membrane and the modulator seems central

to this [10, 14, 16, 45]. Equations 14a and 14b agree with

this assumption and suggests a power law, i.e. N= ~N
� �2

,

explaining the sensitivity.

Discussion

The ‘‘vacuum cleaner’’ hypothesis and the multi-specificity

that exists between chemicals and transporters have always

been conceptually problematic in the field of MDR. A

solution to the ‘‘vacuum cleaner’’ hypothesis, based on the

ability of drugs to diffuse in the membrane, was suggested

a few years ago [31]. However, this latter study assumed

that upon meeting a transporter, a drug would be expelled

because of its interaction with a transporter. Therefore, this

assumption implicitly suggested the existence of an affinity

between drugs and transporters. Thus, even so the ‘‘vacuum

cleaner’’ hypothesis was explained, the multi-specificity

was still lingering.

1 As explained in the paragraph ‘‘drug meeting transporters: a toy

model’’: N � DT=h2ð Þ= ln DT=h2ð Þ, which implies that
~N=N � ~T=T

� �
� ln D ~T=h2

� �
= ln DT=h2ð Þ


 �
. The first-order develop-

ment of the latter relation provides the result expected.
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This article corrects and prolongs the previous theory

making full use of results known in the field of random

walks. For a comprehensive review on this point see [28].

The main conclusion is that the multi-specificity is not

necessarily a problem in the field of MDR, if the drug

transporters oscillate between open and closed states. In

this case, what is significant is the ability of chemicals to

meet a transporter.

Naturally, if one wants oscillating transporters, one

suggests that MDR induced by Pgp will rely on ATP

synthesis and consumption. This seems to be the case as:

(a) The ATP concentration in cells (3–5 mM) always

exceeds the affinity of Pgp for ATP (KmATP *
0.3–1 mM) [6, 15], that, in turn, suggests that the

transporter is always ‘‘active’’.

(b) Pgp ATPase activity is relatively independent of the

presence of drugs [36], and the affinity of drugs

towards transporters is chiefly dependent on their

affinity towards the membrane [7].

(c) The apparent stoichiometry of the hypothesized ATP-

coupled active drug transport, i.e. the number of ATP

molecules hydrolysed per drug transported, can be

enormous (calculated to be up to *36,000 ATP/drug

in reconstituted proteo-liposomes) [6, 33]. This sug-

gests that whilst consuming ATP, Pgp does not

necessarily lead to drug extrusion.

Altogether, these data strongly suggest that Pgp is very

likely continuously recycling between ‘‘open’’ and

‘‘closed’’ states by over-consuming ATP. This may explain

why Pgp is so sensitive to the cellular metabolism [12]. It is

interesting to note that Pgp activity leads to a parallel

acidification of the extracellular medium [20] that, in turn,

is thought to be related to initial metastatic steps [42].

Given that the vast majority of metastatic tumours are also

MDR in nature [25], the recycling between open and closed

conformations, so important for the multi of drug resis-

tance, is likely to be paramount also for the metastatic

process. Thus, in the future, it will be central to drug-target

the membrane of MDR cancer cells, as it is the membrane

that makes the application of Polya’s theorem (i.e.

dimensionality) possible in these cells, see [28].

Defining Pseudo Affinity and Velocity Constants

In general, when the transport of drugs by Pgp is studied in

the field of enzymology, the notion of affinity is tradi-

tionally called upon to explain experimental observations.

In our model, even so we show that the drug–Pgp inter-

action is possible; the chemical affinity between drug and

transporter is never mentioned. This raises the question as

to whether we can define an affinity-like constant between

drugs and transporters?

It is possible (see supplementary material) to rewrite the

set of equations suggested in this article to lead to

Michaelis–Menten-like equations, whereby defining

pseudo velocity and affinity constants. However, contrary

to the ‘‘true’’ ones that are chiefly independent to one

another, the ‘‘pseudo’’ ones (as the pseudo maximal

velocity and the pseudo affinity) are related to one another.

Of course the model does not rule out the notion of affinity

in the field of MDR, it simply suggests possible alterna-

tives. Again, as seen, this way of envisaging Pgp-mediated

MDR leads to results that are coherent with data from this

field including: (i) a drug pumping chiefly independent of

drug chirality [24]; (ii) a modulation of MDR based on

drugs [11, 19] or modulators [45] lipophilicity; and (iii) a

Fig. 4 Vector field representing the variation of drugs (y axis) and

modulators (x axis) as a function of the ratio ( ~N=N) between the

numbers of steps performed by drugs and modulators in the

membrane (i.e. the residency time). The initial state is provided by

the condition Nm ¼ ~Nm ¼ 1 namely equal amount of drug and

modulator (upper right corner). Three cases are represented depend-

ing on the residency time of the modulator in the membrane: similar

( ~N=N ¼ 1; left), twice as long ( ~N=N ¼ 2; centre) or three times

longer ( ~N=N ¼ 3; right) than the residency time of the drug in the

membrane. If one imagines a dot staying on the curve and travelling

downward from the upper right corner (i.e. following the sense of

vector field), then Nm decreases more rapidly than ~Nm as ~N=N
increases. This demonstrates that an important property of modulators

to consider is their ability of remaining in membrane for longer

periods than drugs
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mechanism of drug resistance fundamentally sensitive to

drug physico-chemical properties [11, 19, 29, 32, 38, 45].

Although our deductions agree in principle with results

obtained in the field of MDR, it is important to recognize

that more needs to be done experimentally to ascertain the

full validation of the theory.

On the Importance of Considering Systems

Dimensionality in Basic Biology

In good faith with basic biochemistry that discards the con-

cept of multi-specificity, alternative hypotheses about MDR

have been developed more or less successfully to explain the

‘‘multi’’ of MDR, see for example [31, 34]. It seems, how-

ever, that all the models cannot exclude active drug pumping

(developed in introduction). As underlined by Paul Roepe,

the problem that has given rise to this controversy relies in

the notion of specificity and affinity. MDR does not conform

to the Law of enzyme specificity that, in turn, is supposed to

promote a type of order in biological systems. The model we

suggest is an alternative to this controversy.

The use of Hill–Langmuir or Michaelis–Menten equa-

tions to determine the experimental affinity between two

substrates is fully justified ex vivo, i.e. in a beaker. Their

applications using true biological systems can be limited.

One reason for this is that these Laws take for granted the

bulk homogenous isotropic diffusion (as in our beaker) for

substrates to collide and react in biological systems.

However, this extrapolation is likely to be of limited use in

heterogeneous biological complex systems. In particular,

one could easily imagine that two substrates with low

affinity to each other [to react] will always react success-

fully, because the space in which these two substrates

diffuse allows them to repeatedly collide. Thus, in theory,

many ‘‘hits’’ can compensate for low affinities between

chemicals. This means that the notion of chemical affinity

has to include also the notion of physical affinity, which

involves a study of the surrounding space (including

dimensionality) where diffusions take place. Seen this way,

all the objections made on the ‘‘multi’’ of drug resistance

and essentially based on biochemical rules are not entirely

justified. The model exposed in this article suggests how

two compounds without significant affinity towards one

another, e.g. a drug and a transporter, can nonetheless react

very efficiently, hence defining ‘‘multi’’-drug resistance.

Conclusion

In this study I have demonstrated that MDR can be

explained using basic physical notions. This has the

potential to solve long-standing paradoxes in this field and

to redefine parameters involved in drug resistance. Thus,

this study suggests that MDR may be the result of both

drug pumping and physical affinity.
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