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Abstract: Ascorbate is an important element of a variety of cellular processes including the control
of reactive oxygen species levels. Since reactive oxygen species are implicated as a key factor in
tumorigenesis and antitumor therapy, the injection of a large amount of ascorbate is considered
beneficial in cancer therapy. Recent studies have shown that ascorbate can cross the plasma membrane
through passive diffusion. In contrast to absorption by active transport, which is facilitated by
transport proteins (SVCT1 and SVCT2). The passive diffusion of a weak acid across membranes
depends on the electrostatic potential and the pH gradients. This has been used to construct a new
theoretical model capable of providing steady-state ascorbate concentration in the intracellular space
and evaluating the time needed to reach it. The main conclusion of the analysis is that the steady-state
intracellular ascorbate concentration weakly depends on its serum concentration but requires days of
exposure to saturate. Based on these findings, it can be hypothesized that extended oral ascorbate
delivery is possibly more effective than a short intravenous infusion of high ascorbate quantities.

Keywords: vitamin C; membrane electrical potential; cancer treatment; ferroptosis; ascorbate efficacy

1. Introduction

Ascorbate is a compound indispensable for maintaining body homeostasis. It is
necessary for a variety of metabolic processes ranging from the maintenance of the ex-
tracellular matrix to ensuring the effective flow of information between the cell genome
and the proteome [1,2]. Its deficiency leads to pathologies ranging from mild symptoms
to death, depending on the depth and duration of the deficiency [3]. The distribution of
ascorbate in the human body correlates directly with the metabolic activity of tissues and
cells, namely, the higher the local metabolic activity, the more ascorbate is required [4].
The ascorbate homeostasis in extracellular fluids and its complex distribution inside cells
are maintained by the combination of passive and active transports. The active ascorbate
influx to the cytoplasm is facilitated by two dedicated transporters, SVCT1 and SVCT2 [5].
The importance of the intracellular concentration of ascorbate, which is predominantly
controlled by SVCT2 transporters, has been demonstrated using knock-out mice. While
mice without SVCT1 were able to survive, those without SVCT2 die at birth [4]. This
shows that the distribution of ascorbate among cells is fundamental for the survival of
the organism. As described elsewhere, the level of intracellular ascorbate is maintained
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by the balance of two fluxes, both powered by genetically controlled active transport [6],
where the passive transport dissipates the ascorbate concentration gradient generated
by the active transport across the plasma membrane. Being a critical element of body
homeostasis, the level of ascorbate in extracellular fluids is tightly controlled and the excess
is rapidly excreted [7]. Ascorbate is generally considered nontoxic, however, when added
to tissue cultures in concentrations of a few mM causes the death of cancer cells. These
experiments indicate that cancerous cells are sensitive to elevated concentrations of ascor-
bate [6]. Based on such data, the treatment of various cancers has been proposed in which
a large amount of ascorbate is administered intravenously [8–10]. The therapy protocol
is directly translated from classical pharmacology, where the concentration of an active
substance in the blood is sufficient to assess its concentration in tissues of interest. This
critical assumption might not hold for ascorbate due to the existence of specific membrane
transporters and physiological control of its concentration in serum [8]. Consequently, the
effort to elevate the serum concentration of ascorbate may not be required to achieve the
therapeutic effect, especially when the half-time of the elevated concentration in serum is
shorter than an hour [9]. Current protocols of the procedure are the result of a trial and
error approach aiming at reaching serum concentrations when ascorbate is toxic to cancer
cells, i.e., a few mM [10]. The extended in-time infusion of large quantities of ascorbate is
inconvenient and its outcome is uncertain, due mainly to the pure understanding of the
molecular mechanisms responsible for the selectivity of the treatment toward cancer cells.
It has been postulated that a high level of ascorbate leads to an increased quantity of labile
iron in the cytoplasm causing a massive rise of reactive oxygen species and subsequent cell
death (ferroptosis) [11,12]. Similar effects accompany chemotherapy and are required for
cancer cell damage [13]. Therefore, the ability to generate reactive oxygen species positions
ascorbate as a potentially useful compound in cancer therapy.

In the paper, the new model of ascorbate intake by cells, which accounts for the passive
diffusion, is presented. The important consequence of ascorbate ability to penetrate the
lipid bilayer is that the electrical potential of the plasma membrane and the local pH should
be included in the evaluation of the steady-state intracellular ascorbate concentration [14].
This opens the possibility to use the plasma membrane electrical potential difference and/or
local pH as a selectivity tool.

For the sake of simplicity, the ascorbate-dependent single mechanism causing cell
death was selected. Specifically, the sufficiently high concentration of ascorbate inside a cell
may reduce ferric ions to highly toxic labile ferrous ions, which will likely lead to cell death
by unspecific destruction of vital cellular components (ferroptosis [15,16]). The ascorbate-
driven release of ferrous ions from its intracellular protein stores cannot be easily controlled
by the cell, contrary to exogenous drugs [17]. This major difference between exogenous
drugs and ascorbate in maintaining an elevated intracellular concentration is due to the fact
that, while there are no specific transporters for an exogenous drug, ascorbate is actively
accumulated within cells by dedicated membrane proteins (SVCT1 and SVCT 2) [18].
In contrast, the exogenous drug can be actively removed from the cytoplasm by ABC
transporters leading to drug resistance [19,20]. Since all known membrane transporters are
designed to condense ascorbate in the cytoplasm, therefore, the cell does not have effective
molecular defenses against the elevated level of ascorbate in the cytoplasm. The only ways
to reduce the ascorbate concentration inside the cell is its passive flow across the plasma
membrane or its oxidation to DHA, which subsequently diffuses out of the cell through
GLUT channels or is rapidly reduced back to ascorbate by metabolic processes inside
the cell. Therefore, the oxidation of ascorbate will not affect significantly its cytoplasmic
concentration [6]. The excessive level of ascorbate in the cytosol may trigger ferroptosis,
leading to cell death [21]. The intracellular level of ascorbate in a specific cell depends, in
addition to metabolic consumption, on a number of ascorbate transporters and electrical
and pH gradients across its plasma membrane [8]. Due to the differences in plasma
membrane electric potential and local pH, ascorbate will rise in cancer cells, potentially
leading to their ferroptosis, whereas healthy cells will be little affected [8,22]. In the paper,
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we present a quantitative analysis aiming at determining the dependence of intracellular
ascorbate concentration at the steady-state on its concentration in serum as well as the time
needed to reach the steady-state level for healthy and malignant cells.

The model, contrary to previous approaches, is the first attempt to evaluate quanti-
tatively the supportive treatment of cancer patients using ascorbate [19]. The model is
founded on two new findings, that ascorbate diffuses passively across the lipid bilayer
and that ascorbate-triggered ferroptosis is the mechanism affecting targeted cells. The
main finding of the analysis is that, due to the active transport, the serum concentration of
ascorbate is not a good indication of the treatment efficacy. The intracellular ascorbate con-
centration should be measured instead. This makes the theoretical model, after validation,
an attractive tool for planning the ascorbate-based therapy.

2. Materials and Methods

All calculations have been performed using dedicated Python (v3.8.10) scripts with
NumPy v1.17.4 numerical library [20]. Model’s equations were implemented as separate
functions, where all parameters were expressed in SI units. All calculations were performed
on NumPy 1D-arrays using a float 64 number format. Data have been plotted in a 3D
and 2D projection on 50- or 200- point arrays using Python graphical library Matplotlib
v3.3.4. [23].

3. Results

In the model, the human body with cancer has been reduced to two different popula-
tions of cells immersed in a single aqueous compartment. Selected parameters of cancer
and healthy cells are listed in Table 1.

Table 1. The numerical values of relevant parameters of healthy and cancer cells used for the calculations [22,24–29].

Symbol Value Unit Reference

Faraday constant F 96,485 C/mol

Gas constant R 8.31 J/(mol·K)

Temperature T 310 K

pKa of ascorbic acid pKa 4.70 [24]

Membrane permeability of monoionic ascorbate Pi 3 × 10−14 m/s [25]

Membrane permeability of neutral ascorbate Pn 1.1 × 10−12 m/s [25]

Maximal rate of the active transport Vmax 2.68 × 10−4 mM/s [26]

Membrane electrical potential in cancer cell ∆ϕ −10 mV [22]

Membrane electrical potential in healthy cell ∆ϕ −100 mV [22]

Intracellular pH in healthy cell pHi 7.0–7.2 [27]

Intracellular pH in cancer cell pHi 7.12–7.65 [27]

Extracellular pH pHe 7.35–7.45

Intracellular metabolic rate vmet 4 × 10−11 Mol/(s·g) [28]

Volume of eukaryotic cell Vcell 3.38 × 10−15 m3 [29]

Surface area of eukaryotic cell Acell 1.35 × 10−7 m2 [29]

Mass of proteins in eukaryotic cell mprotein 6.75 × 10−13 g [29]

At the first approximation, the differences between the local tumor microenvironment
and extracellular fluids in healthy tissues have been neglected [16,30,31]. These assump-
tions are not sufficient when ascorbate distribution within tumors is analyzed. However,
this simplification will not mitigate the derived conclusions, since the lower pH and pos-
sible enhanced level of iron ions inside tumors will rather enhance the effect [32–35]. It
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was also assumed that the extracellular ascorbate concentration is invariant in time during
treatment due to the adequate supplementation [7,36]. The therapeutic efficacy of ascorbate
depends predominantly on its intracellular concentration, which may elevate the concen-
tration of labile iron ions to the level when radical oxygen species are excessively produced,
leading to cell death [9,13].

The ascorbate treatment is simulated by the constant ascorbate concentration in the
extracellular fluid compartment Cext, which serves as an infinite, continuously resupplied,
reservoir for both healthy and cancer cells. It has been assumed that the extracellular
ascorbate concentration depends on the balance between the rate of delivery (infusion or
supplementation) (Jdelivery), the intake by cells (Jcell) and the secretion (Jsec) (Equation (1)).

dCext

dt
= Jdelivery(t) + Jcell(t) + Jsec(t) (1)

During the therapy, the Jdelivery(t) is maintained by the application protocol. The
Jcell(t) depends on the temporal metabolic activity, therefore the Jsec(t) will depend on the
ascorbate quantity delivered to the body, metabolic consumption and the quantity needed
for the restoration of intracellular pools.

Any therapy aimed at the eradicating of cancer cells relies on the differences between
cancer and normal cells regarding their physiology and/or metabolic state, so the speci-
ficity of the therapy can be achieved. The ascorbate-based cancer treatment is based on
the difference between healthy and cancer cells with respect to their sensitivity to extra-
cellular ascorbate concentration. All previous ascorbate-based therapies were founded
on the assumption that ascorbate affects a specific molecular process in cancer cells in a
concentration-dependent meaner, in line with classical pharmacological thinking [9,19].
However, the application of ascorbate as a pharmacological agent is different. Depending
on its intracellular concentration, its function may vary from performing the cofactor
and antioxidant functions, being a necessary element of critical metabolic processes, to
causing cell death by triggering the excessive production of reactive oxygen species (ROS)
by causing the rise of the labile iron pool in the cytoplasm [19,30,31]. The triggering of
the transformation takes place at a specific ascorbate concentration inside the cell [16,37].
This functional duality can be utilized in cancer treatment only if there is a selectivity
mechanism affecting the acquisition of ascorbate by cells. In the model, it was assumed that
the cellular selectivity in ascorbate-based cancer treatment is achieved thanks to differences
in ascorbate intake by different cells. Even under physiological conditions, the intracellular
ascorbate concentrations may vary from 0.05 to 10 mM [4]. The temporal intracellular
ascorbate concentration is a result of the balance between active transport, metabolism
and leakage, the latest being facilitated by passive diffusion across the lipid bilayer [8].
The intracellular steady-state ascorbate concentration depends on cell properties such as
cytoplasmic pH, electric membrane potential, number of SVCT2 transporters present in
the plasma membrane and metabolic activity. Table 1 presents differences between healthy
and cancer cells, which may affect intracellular ascorbate concentration and may serve as a
source of therapeutic selectivity [8,38].

Figure 1 shows schematically molecular mechanisms leading to cancer cell destruction
induced by elevated intracellular ascorbate concentration. The presented analysis has been
performed for imaginary healthy and cancer cells immersed in unified extracellular fluid.
The differences in extracellular pH between a specific healthy tissue and tumor had not
been accounted for. The two types of selected imaginary cells, differing with respect to
their plasma membrane electrical potentials and intracellular pH, have been compared.
Cells were selected in such a way so the possibility to use the electrical plasma membrane
as a selectivity parameter. The model can be easily adopted to a specific cancer cell type by
changing the relevant parameters.
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porter. The generated ascorbate concentration gradient powers the passive ascorbate transport, which depends on the 
plasma membrane electrical potential ∆𝜑 and pH in compartments separated by the membrane. When the intracellular 
ascorbate reaches the level when Fe3+ is reduced to Fe2+ (assumed to be equal to 20 mM), the pool of labile iron increases, 
causing excessive ROS production leading to cell death (ferroptosis). 

The intracellular concentration of ascorbate depends on the temporal cell metabolic 
activity and fluxes acres the plasma membrane (Equation (2)). 𝑑𝐶𝑑𝑡 = J + J + J  (2)

It has been assumed that at elevated ascorbate extracellular concentrations (higher 
than 0.1 mM) and with extracellular Na+ concentration unchanged, the SVCT transporters 
will work with their maximum velocity (Vmax) [38]. Additionally, it has been assumed that 
during the ascorbate delivery, cells do not respond on the proteomic level, i.e., the number 
of ascorbate transporters (NSVCT2) does not change. Therefore: J = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  𝑁 𝑉   (3)

The passive ascorbate transport depends, in addition to the membrane electric po-
tential, on concentration gradients of its neutral and ionized forms, which in turn depend 
on local pH [14,39]. The surface-area normalized net flux of monoprotic acid across the 
plasma membrane (Jpassive) is represented by Equation (4) [14]. In the equation, Pn and Pi 
represent the permeabilities of the neutral and ionized forms of ascorbate. fud, Ci, fur and 
Ce represent the unbound fraction and total ascorbate concentrations in the extracellular 
(e) and intracellular (i) aqueous compartments. He and Hi represent the fraction of ionized 
ascorbate in the extracellular and intracellular aqueous compartments. Ke and Ki represent 
the respective neutral (protonated) fraction of ascorbate [14]. 𝐽 = 𝑃 (𝑓𝑢 𝐾 𝐶 − 𝑓𝑢 𝐾 𝐶 ) − ( )  (4)
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Figure 1. The graphical representation of the conceptual model used for the calculation of the steady-state intracellular
ascorbate concentration. The ascorbate is transferred from the extracellular phase into a cell cytoplasm by an SVCT
transporter. The generated ascorbate concentration gradient powers the passive ascorbate transport, which depends on the
plasma membrane electrical potential ∆ϕ and pH in compartments separated by the membrane. When the intracellular
ascorbate reaches the level when Fe3+ is reduced to Fe2+ (assumed to be equal to 20 mM), the pool of labile iron increases,
causing excessive ROS production leading to cell death (ferroptosis).

The intracellular concentration of ascorbate depends on the temporal cell metabolic
activity and fluxes acres the plasma membrane (Equation (2)).

dCi
dt

= Jactive + Jpassive + Jmetabolism (2)

It has been assumed that at elevated ascorbate extracellular concentrations (higher
than 0.1 mM) and with extracellular Na+ concentration unchanged, the SVCT transporters
will work with their maximum velocity (Vmax) [38]. Additionally, it has been assumed that
during the ascorbate delivery, cells do not respond on the proteomic level, i.e., the number
of ascorbate transporters (NSVCT2) does not change. Therefore:

Jactive = constant = NSVCT2Vmax (3)

The passive ascorbate transport depends, in addition to the membrane electric po-
tential, on concentration gradients of its neutral and ionized forms, which in turn depend
on local pH [14,39]. The surface-area normalized net flux of monoprotic acid across the
plasma membrane (Jpassive) is represented by Equation (4) [14]. In the equation, Pn and Pi
represent the permeabilities of the neutral and ionized forms of ascorbate. fud, Ci, fur and
Ce represent the unbound fraction and total ascorbate concentrations in the extracellular (e)
and intracellular (i) aqueous compartments. He and Hi represent the fraction of ionized
ascorbate in the extracellular and intracellular aqueous compartments. Ke and Ki represent
the respective neutral (protonated) fraction of ascorbate [14].

Jpassive = Pn( f ueKeCe − f uiKiCi)−
vPi( f ui HiCi − e−v f ue HeCe)

1− e−v (4)



Cells 2021, 10, 2964 6 of 15

where
v =

zF∆ϕ

RT
(5)

F, ∆ϕ, R and T stand for Faraday constant, membrane potential difference, gas constant
and temperature, respectively.

Equation (4) can be rearranged to the following form [14]:

Jpassive = Ceαe − Ciαi (6)

where αe end αi are coefficients depending on membrane electrical potential difference and
local pH:

αe =
Pn10pKa(1− e−v) + Pi10pHe ve−v

(1− e−v)
(
10pHe + 10pKa

) (7)

αi =
Pn10pKa(1− e−v) + Pi10pHi v
(1− e−v)

(
10pHi + 10pKa

) (8)

Finally, the Equation (5) can be presented in the form:

Jpassive =
Acell
Vcell

(Ceαe − Ciαi) (9)

The net ascorbate depletion due to metabolic processes can be estimated as follows:

Jmetabolism = −mprotein
vmet

Vcell
(10)

The metabolic activity vmet as evaluated by Marin–Hernandez for glucose is used
as the measure of the ascorbate consumption [4,40]. The approximation is based on two
observations; that metabolic activity of cancer cells exceeds that of normal cells and that
the ascorbate required for sick patients to reach its homeostatic level is much higher than
for healthy persons [41,42].

It follows that the ascorbate intracellular concentration change can be formulated by
the following equation:

dCi
dt

= NSVCT2Vmax +
Acell
Vcell

(Ceαe − Ciαi)−
mproteinvmet

Vcell
(11)

Since the therapy based on the ascorbate delivery is performed for an extended period
of time, it has been assumed that the steady-state intracellular ascorbate concentration will
be reached. Consequently, the intracellular ascorbate concentration can be calculated under
the condition of the balance of all fluxes:

dCi
dt

= 0 (12)

Consequently,

NSVCT2Vmax +
Acell
Vcell

(Ceαe − Ciαi)−
mproteinvmet

Vcell
= 0 (13)

Since the ascorbate concentration in the serum and interstitial spaces is maintained,
thanks to continuous supply, therefore the steady-state intracellular ascorbate concentration
should satisfy the following equation:

Ci,ss =
VcellNSVCT2Vmax + AcellCeαe −mproteinvmet

αi Acell
(14)

Equation (11) correlates the intracellular ascorbate concentration with its concentration
in serum, which accounts for relevant cellular parameters. In order for the therapy to
be effective, the intracellular ascorbate concentration should exceed the concentration
required to release iron from its binding site triggering the ferroptosis [17]. The difference
in the intracellular ascorbate concentrations between cancer and healthy cells opens the
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possibility for designing the ascorbate-based cancer treatment with a specific dosage
and duration [43]. Equation (11) can be used to calculate the steady-state intracellular
concentration of ascorbate as a function of its extracellular concentration (dosage) for a cell
having specific electrical membrane potential and cytoplasmic pH.

The other important therapy parameter is its duration. For that reason, the time
required to reach the desired steady-state intracellular concentration should be estimated.
The dependence of the intracellular ascorbate concentration on time can be expressed in
the following simplified form:

dCi
dt

= −aCi − bt (15)

where

a =
Acell
Vcell

αi and b = −
(

NSVCT2Vmax +
Acell
Vcell

Ceαe −
mproteinvmet

Vcell

)
(16)

The Equation (12) has a physically meaningful solution:

Ci(t) = ce−at − b
a

(17)

where c is a constant related to the initial intracellular ascorbate concentration, which could
be evaluated using boundary conditions:

Ci(t = 0) = c− b
a
⇒ c = Ci(t = 0) +

b
a

(18)

whereas at steady-state limit
b
a
= −Ci,ss (19)

Consequently,
Ci(t) = (Ci,0 − Ci,ss)e

− Acell
Vcell

αit + Ci,ss (20)

The time needed when the intracellular concentration reaches the value equals half
of the steady-state intracellular ascorbate concentration, which can be calculated from the
following equation:

τ1/2 = − Vcell
Acellαi

ln

(
− 1

2 Ci,ss

Ci,0 − Ci,ss

)
(21)

The main objective of the presented analysis is to design the effective ascorbate-based
cancer treatment using the mathematical modelling.

To describe the ascorbate-based therapy, two ranges of ascorbate concentrations in
serum have been defined. The first range corresponds to the physiological level, which
can be maintained by providing ascorbate with foodstuff (<0.1 mM) [40]. Interestingly,
this limit coincides with the SVCT2 saturation level [38]. Above that level, the SVCT2
transporters are saturated and intracellular ascorbate concentration can reach levels harm-
ful to susceptible cells. It is generally accepted that the effective therapeutic level can be
achieved only by intravenous infusion of a large quantity of ascorbate [9]. One of the
objectives of the simulation is to determine whether therapeutic concentrations can be
reached by prolonged oral supplementation with traditional (<0.250 mM [7]) or liposomal
(<0.5 mM [6]) preparations.

All quantitative measures derived during the calculations describe a simplified sit-
uation, where two hypothetical cell populations representing healthy and cancer cells
are considered (Table 1). When healthy cells plasma membrane electrical potential was
assumed to be equal to −100 mV (negative inside the cell) and cytoplasmic pH = 7.0 the
electrical potential difference across the plasma membrane of cancer cells was assumed to
be equal to −10 mV and cytoplasmic pH = 7.5.

The concentration of an exogenous active substance in serum is traditionally used
as a therapeutic parameter, which is correlated with the flux of an exogenous active
substance into cells. However, in the case of endogenous substances such as ascorbate, the
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descriptor is not very useful. The flow of ascorbate mono-ions towards the cytoplasm is
facilitated by SVCT transporters and equals the Vmax if the serum ascorbate concentration
exceeds 0.1 mM and remains unchanged at higher values [44]. The intracellular ascorbate
concentration sufficient to trigger ferroptosis depends exclusively on the intrinsic properties
of these transporters and elevation of serum concentration of ascorbate above 0.1 mM
limit will not have a significant effect. To trigger the therapeutic effect, i.e., ferroptosis,
a certain intracellular ascorbate concentration is required. We arbitrarily assumed that
the concentration should be equal to 20 mM, as this value exceeds twice the highest
physiological intracellular value. The intracellular concentration of ascorbate in neurons
reaches the level of 10 mM ([6] and citations therein). It has been assumed that the
metabolism of dehydroascorbic acid (DHA) can be disregarded as a significant factor in
triggering ferroptosis because its concentration is two orders of magnitude lower than
that of ascorbate. In addition, when inside cells, it is rapidly reduced back to ascorbate by
glutathione peroxidase activity and NADPH [4,9].

First, the effect of extracellular ascorbate concentration and membrane electrical poten-
tial on the steady-state intracellular ascorbate concentration, both for healthly and cancer
cells, has been evaluated (Figure 2). The calculated steady-state intracellular ascorbate
concentration in the whole range of parameters used is significantly higher in cancer cells
than in healthy cells. Interestingly, in both cell types, the steady-state intracellular ascor-
bate concentration only weakly depends on its extracellular concentration. This is due
to the fact that the intracellular ascorbate level is facilitated by SVCT transporters. The
effect of electrical membrane potential is larger and affects cancer cells to a much greater
extent, regardless of the value of the extracellular ascorbate concentration. The steady-state
intracellular ascorbate concentration in cancer cells is significantly higher than the assumed
20 mM, the arbitrarily selected concentration when ferroptosis is triggered. According to
the model, the ferroptosis occurs even at ascorbate serum concentration in ranges possible
to achieve with oral ascorbate delivery (0.1–0.5 mM [6,7]).
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Figure 2. The effect of the plasma membrane electrical potential difference and ascorbate concentra-
tion in serum on the steady-state ascorbate concentration inside a cell. The serum pHe equals 7.4,
whereas intracellular pHi equals 7.5 and 7 for cancer and healthy cells, respectively. The blue and red
surfaces show the intracellular steady-state level of ascorbate in healthy and cancer cells, respectively.

The results presented in Figure 2 show that steady-state intracellular ascorbate in
cancer cells reaches values substantially higher than those of healthy cells, indicating a
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high level of selectivity of treatment. In addition, it seems that there is no difference
between oral and intravenous delivery routes since there is little difference between steady-
state ascorbate intracellular concentrations when its concentration in serum equals 0.2, 0.5
or 1 mM. Figure 3 shows also that the steady-state intracellular ascorbate concentration
depends on the intracellular pH. This is due to the ascorbate protonation level inside the
cell that affects dramatically its passive leakage [25]. The effect of intracellular pH for cells
differing with the plasma membrane electrical potential is presented for three relevant
extracellular ascorbate concentrations, i.e., 0.2, 0.5 and 1 mM, in Figure 3.
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Figure 3. The effect of extracellular and intracellular pH on the intracellular steady-state ascorbate concentration. Calcula-
tions have been performed for system, where extracellular ascorbate concentration (a) Ce = 0.2 mM (b) Ce = 0.5 mM (c) Ce =
1 mM and membrane electrical potential equals ∆φ = −10 mV and ∆φ = −100 mV for cancer (red surface) and healthy
cells (blue surface), respectively.

Figure 3 shows the effect of intracellular pH (pHi) and extracellular pH (pHe) on
the intracellular steady-state ascorbate concentration, when its extracellular concentration
equals 0.2, 0.5 and 1 mM and plasma membrane electrical potential equals −100 and
−10 mV for healthy and cancer cells, respectively. The numerical analysis shows that
the intracellular steady-state ascorbate concentration is very sensitive to pH differences
between extracellular and intracellular fluids. The dependence is further enhanced by
plasma membrane electrical potential difference, confirming the cancer cell susceptibility
to the elevated ascorbate concentrations.

Figure 4 shows how the two cellular properties (electrical potential difference across
the plasma membrane and intracellular pH) affect the steady-state intracellular ascorbate
concentration. For each extracellular ascorbate concentration, intracellular steady-state
values for healthy and cancer cells are indicated.
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The three graphs in Figure 4 show that the steady-state intracellular ascorbate concen-
tration only weakly depends on its extracellular concentration and that the intracellular
pH and membrane electrical potential difference may serve as selectivity parameters in
ascorbate-based treatment. The other factor affecting the steady-state intracellular ascor-
bate concentration is the number of SVCT transporters. The number of SVCT transporters
is epigenetically controlled and may influence the effect of the treatment, especially when
the treatment is extended in time [45]. In addition, genetic variants of transporters may
influence the outcome of the treatment [46,47].

Figure 5 shows that the epigenetic response of cancer cells is much stronger than
healthy cells with respect to their ability to modulate their intracellular ascorbate concentra-
tion. It has been demonstrated above that steady-state intracellular ascorbate concentration
in cancer and healthy cells can be used to design effective ascorbate-based treatment of
cancer, hence cancer cell response is significantly stronger than healthy cells when exposed
to the elevated ascorbate concentrations. An additional critical parameter of such treatment
is the time required to reach the steady-state intracellular ascorbate concentrations.
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Figure 5. The effect of number of SVCT transporters and extracellular pH on the intracellular steady-state ascorbate
concentration for cancer and healthy cells when exposed to (a) 0.2 mM (b) 0.5 mM (c) 1 mM extracellular ascorbate
concentrations. Membrane electrical potential and pH equals ∆φ = −10 mV, pHi = 7.5 and ∆φ = −100 mV, pHi = 7.0
for cancer (red surface) and healthy cells (blue surface), respectively. The NSVCT2 is a number expressed in relative values,
where 1 stands for the flux of ascorbate facilitated by transporters expressed in Xenopus oocytes cells [38].

Figure 6 shows the time course of the intracellular ascorbate concentration for healthy
and cancerous cells for three extracellular ascorbate concentrations. The ascorbate intracel-
lular concentration in healthy cells does not exceed the assumed ferroptosis threshold value
(20 mM). In the cancer cells after 10 h exposure, the intracellular ascorbate concentration
approaches the tipping point at which ferroptosis is triggered. Three traces for 0.2, 0.5 and
1 mM are presented to show that in the case of ascorbate treatment, the serum concentration
is not so important, but the time of exposure is critical. In practice, there are three possible
ways of ascorbate supplementation; intravenous infusion [9], oral supplementation with
ascorbate alone or encapsulated inside liposomes [6,7]. Presented results show that the
ascorbate concentration in cancer cells can reach the level when ferroptosis is triggered for
all investigated extracellular concentrations (from 0.2 to 1 mM).

In healthy cells, the 20 mM intracellular concentration cannot be reached even when
the treatment is continued for an extended period of time. Since the number of SVCT
transporters in the plasma membrane is a parameter which can be controlled by adjustment
of epigenetic processes by cells themselves and because its influence on the intracellular
ascorbate concentration is significant (Figure 5), its effect on the time needed to reach
the ascorbate steady-state intracellular concentration needs to be evaluated. Figure 7
shows how the number of SVCT2 transporters influences the steady-state intracellular
concentration of ascorbate in healthy and cancer cells. The dependences of the intracellular
ascorbate concentrations on time were plotted for two cases when the number of SVCT2
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transporters differs by a factor of four. In both cases, the concentration of ascorbate increases
together with the number of SVCT2 transporters. However, for the cancer cells, the rise is
much more significant. Again, the effect of extracellular ascorbate concentration on both
the level and time traces of intracellular concentration is insignificant, showing that not the
serum ascorbate concentration but its persistence in time is a critical factor.
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Obtained results show the therapeutic effect can be achieved when ascorbate serum
concentration is facilitated by supplementation using all available delivery routes as long
as the exposure time is sufficiently long (days). The complete characterization of the
procedure requires the evaluation of the therapeutic index as an indication of the procedure
safety. Based on the proposed mechanism (ferroptosis) of ascorbate action, two toxicities
can be expected; the induction of ferroptosis in healthy cells and systemic toxicity caused
by dissociation of iron from transport proteins in serum. Both potential sources of toxicity
await future quantitative evaluation.
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4. Discussion

In classical pharmacology, the active compound is of exogenous origin and is designed
to reach and affect specific molecular targets [8]. Typically, the internalization of such a
compound by a cell is not facilitated by membrane proteins, but rather it diffuses across
the lipid bilayer [14]. The efficacy of passive diffusion depends predominantly on the
concentration of the active compound in the serum. This is because passive diffusion
necessitates a concentration gradient across the cellular plasma membrane. This very
unspecific process is a source of systemic toxicity and the selectivity towards targeted
cells is based on the preferential affinity towards a carefully selected molecular entity.
However, the serum concentration of the drug can be elevated only to the level when
it becomes toxic [8]. Therefore, the unspecific toxicity is an intrinsic property of all low-
molecular-weight exogenous compounds intended for use as pharmacologically active
substances. There is yet another problem with the classical pharmacological approach,
passive diffusion of the substance can be counter by cells with active outflow transport
(ABC transporters [48,49] leading to the development of the resistance to the drug used in
the treatment.

Ascorbate is a compound involved in numerous metabolic processes, so it may be
considered a necessary element of intracellular homeostasis by serving as an electron donor
or acceptor in various cellular compartments [4,40]. The critical function of ascorbate in
cellular homeostasis necessitates its tight and function-driven control, both on the cellular
and physiological levels. The spatial variation of ascorbate within the body is ensured by
the difference in the expression of dedicated ascorbate transporters and recently discovered
passive transport [8,25]. The capacity to adjust the local ascorbate concentration within the
body, combined with effective elimination mechanisms, predispose ascorbate to be used as
a therapeutic agent.

Numerous experiments using cell culture show that ascorbate at concentrations above
a few mM result in cancer cell death ([9] and citations therein). This observation provides
an indication for cancer treatment based on the extended intravenous infusion of high
quantities of ascorbate [50,51]. Extended exposure is justified by the fact that any systemic
excess of ascorbate is effectively eliminated from the circulation within an hour [7]. The
ascorbate-based treatment relies on the ascorbate concentration-dependent activity; at low
concentrations, it is an effective antioxidant and a necessary enzymatic cofactor, whereas at
higher concentrations it causes a dramatic free radical rise due to the reduction of the ferric
ion to a highly active ferrous ion [17]. The ascorbate metabolic functions as an electron
donor or acceptor make ascorbate a good candidate for pharmacological applications,
where its intracellular concentration can be used as a therapeutic target. Despite the limited
understanding of the ascorbate role as a homeostatic agent, attempts have been made to
design a therapeutic procedure. Widely used, albeit very unreliably, intravenous infusions
have been tried [8,52].

Since the molecular mechanism leading to ascorbate selective killing of cancer cells
has not been unequivocally determined, the critical parameters of the intravenous infusion
cannot be exactly established [19]. This is perhaps the reason why the outcomes of various
trials have been inconclusive [10,19,36,51].

The model presented in the paper shows that the ascorbate concentration in serum is
not a good parameter for designing an effective therapy. This is because passive diffusion
is not a mechanism responsible for the ascorbate entering the cellular cytoplasm, as is the
case for all exogenous pharmaceuticals [14]. Instead, ascorbate monoanion is actively accu-
mulated inside the cell by dedicated plasma membrane transporters. When transporters
are saturated, at about 0.1 mM ascorbate serum concentration [38], further elevation of
its concentration is not productive, on the contrary, when the toxic level is reached, the
systemic toxicity may occur.

Considering the recent discovery of ascorbate passive diffusion across lipid bilayers
and assuming that ferroptosis is the main mechanism of ascorbate therapeutic activity, a
new model has been proposed. The model shows that the serum ascorbate concentration is
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not of critical importance but rather the duration of the treatment is. It has been determined
that the treatment duration should be in the range of days rather than hours. The model
predicts that the delivery of ascorbate through the oral route for a sufficiently long time
should give better therapeutic results than relatively short (few hours) intravenous infusion
of its large quantities. The experimental validation of the model prediction will offer a very
convenient and potentially effective supportive treatment of a variety of cancers.

It has been demonstrated that pharmacological concentration of ascorbate in vivo
cannot be reached by oral delivery of its classical form and that such delivery does not
produce a sufficient level of hydrogen peroxide in extracellular fluid in vivo [53]. However,
neither weekly IV administration for two hours of a pharmacological dose of ascorbate to
prostate cancer patients induced tumor regression [54]. The proposed model shows the
relevance of ascorbate as a therapeutic agent, the effectiveness of which will be dependent
on its plasma concentration, capacity for uptake by tumor cells and modulation of anti-
cancer activity, i.e., induced oxidative stress and ability to modulate epigenetic status of
DNA. I.V. administration is invasive, exhausting for the patient and has been administrated,
almost exclusively, to oncology patients with advanced cancers. However, it is possible
that the limitations of the IV (insufficient treatment time) and oral administration of its
classical form may be, at least partially, overcome by oral administration of its liposomal
form [6].

The effect of ascorbate on cancer cells in a solid tumor is not as straightforward as
in the case of the isolated malignancy (presented model). The tumor environment will
surely differ from extracellular fluid with respect to the importance for SVCT transporter
sodium concentration, reduced local pH and hypoxia. They will change the dependence
of intracellular ascorbate concentration on its local availability. The effect will not only
change the steady-state conditions but also the dynamics of reaching therapeutic levels by
the intracellular ascorbate concentration in cancerous cells.

5. Conclusions

The concentration of ascorbate inside a cell is a result of three processes, metabolic
degradation, active transport facilitated by dedicated transporters (SVCT1 and SVCT2) and
the passive diffusion across the lipid bilayer of the plasma membrane. The dependence of
the passive transport on ascorbate protonation and plasma membrane potential difference
can be used for selective targeting of ascorbate to cancer cells. Specifically, most cells
constituting the human body are highly differentiated. Such cells are characterized by,
among other things, high negativity inside the plasma membrane electrical potential (reach-
ing −100 mV). Cancer cells are different, as their electrical plasma membrane potential
is usually low and does not exceed −10 mV. This difference can be used to elevate the
ascorbate concentration in the cytoplasm of cancer cells without affecting healthy cells. This
effect may justify the application of ascorbate as the supportive treatment in cancer therapy
characterized by none or low systemic toxicity. Simulations presented in the paper show
that such treatment to be effective requires maintenance sufficient, albeit not necessary
excessively high, ascorbate concentration in plasma and interstitial fluids. However, due to
the limited capacity of the active transport, the ascorbate exposure should be extended in
time for days rather than hours.
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29. Wiśniewski, J.R.; Hein, M.Y.; Cox, J.; Mann, M. A “proteomic ruler” for protein copy number and concentration estimation
without spike-in standards. Mol. Cell. Proteom. 2014, 13, 3497–3506. [CrossRef] [PubMed]

30. Raza, M.H.; Siraj, S.; Arshad, A.; Waheed, U.; Aldakheel, F.; Alduraywish, S.; Arshad, M. ROS-modulated therapeutic approaches
in cancer treatment. J. Cancer Res. Clin. Oncol. 2017, 143, 1789–1809. [CrossRef]

31. Brown, R.A.M.; Richardson, K.L.; Kabir, T.D.; Trinder, D.; Ganss, R.; Leedman, P.J. Altered Iron Metabolism and Impact in Cancer
Biology, Metastasis, and Immunology. Front. Oncol. 2020, 10, 476. [CrossRef]

32. Jin, M.-Z.; Jin, W.-L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target. Ther.
2020, 5, 166. [CrossRef]

33. Lee, E.S.; Gao, Z.; Bae, Y.H. Recent progress in tumor pH targeting nanotechnology. J. Control. Release 2008, 132, 164–170. [CrossRef]
34. Li, M.; Shi, K.; Tang, X.; Wei, J.; Cun, X.; Long, Y.; Zhang, Z.; He, Q. Synergistic tumor microenvironment targeting and blood–brain

barrier penetration via a pH-responsive dual-ligand strategy for enhanced breast cancer and brain metastasis therapy. Nanomed.
Nanotechnol. Biol. Med. 2018, 14, 1833–1843. [CrossRef] [PubMed]

35. Sacco, A.; Battaglia, A.M.; Botta, C.; Aversa, I.; Mancuso, S.; Costanzo, F.; Biamonte, F. Iron Metabolism in the Tumor
Microenvironment-Implications for Anti-Cancer Immune Response. Cells 2021, 10, 303. [CrossRef]

36. Dachs, G.U.; Gandhi, J.; Wohlrab, C.; Carr, A.C.; Morrin, H.R.; Pullar, J.M.; Bayer, S.B.; Eglinton, T.W.; Robinson, B.A.; Vissers,
M.C.M. Vitamin C Administration by Intravenous Infusion Increases Tumor Ascorbate Content in Patients With Colon Cancer: A
Clinical Intervention Study. Front. Oncol. 2020, 10, 600715. [CrossRef]

37. Yang, H.; Villani, R.M.; Wang, H.; Simpson, M.J.; Roberts, M.S.; Tang, M.; Liang, X. The role of cellular reactive oxygen species in
cancer chemotherapy. J. Exp. Clin. Cancer Res. 2018, 37, 266. [CrossRef] [PubMed]

38. Tsukaguchi, H.; Tokui, T.; Mackenzie, B.; Berger, U.V.; Chen, X.-Z.; Wang, Y.; Brubaker, R.F.; Hediger, M.A. A family of mammalian
Na+-dependent L-ascorbic acid transporters. Nature 1999, 399, 70–75. [CrossRef] [PubMed]

39. Swietach, P.; Patiar, S.; Supuran, C.T.; Harris, A.L.; Vaughan-Jones, R.D. The role of carbonic anhydrase 9 in regulating extracellular
and intracellular ph in three-dimensional tumor cell growths. J. Biol. Chem. 2009, 284, 20299–20310. [CrossRef] [PubMed]

40. Du, J.; Cullen, J.J.; Buettner, G.R. Ascorbic acid: Chemistry, biology and the treatment of cancer. Biochim. Biophys. Acta 2012, 1826,
443–457. [CrossRef] [PubMed]

41. Aditi, A.; Graham, D.Y. Vitamin C, gastritis, and gastric disease: A historical review and update. Dig. Dis. Sci. 2012, 57, 2504–2515. [CrossRef]
42. Liu, M.; Ohtani, H.; Zhou, W.; Ørskov, A.D.; Charlet, J.; Zhang, Y.W.; Shen, H.; Baylin, S.B.; Liang, G.; Grønbæk, K.; et al. Vitamin

C increases viral mimicry induced by 5-aza-2’-deoxycytidine. Proc. Natl. Acad. Sci. USA 2016, 113, 10238–10244. [CrossRef]
43. Allen, B.; Petronek, M.; Monga, V.; Bodeker, K.; Smith, B.; Buettner, G.; Greenlee, J.; Smith, M.; Spitz, D.; Cullen, J.; et al. BIMG-07.

Pharmacological ascorbate enhances radiation and temozolomide effectiveness in gioblastoma by a mechanism mediated by
redox active iron. Neuro-Oncol. Adv. 2021, 3, i2. [CrossRef]

44. Łukawski, M.; Dałek, P.; Witkiewicz, W.; Przybyło, M.; Langner, M. Experimental evidence and physiological significance of the
ascorbate passive diffusion through the lipid bilayer. Chem. Phys. Lipids 2020, 232, 104950. [CrossRef] [PubMed]

45. Amano, A.; Aigaki, T.; Maruyama, N.; Ishigami, A. Ascorbic acid depletion enhances expression of the sodium-dependent
vitamin C transporters, SVCT1 and SVCT2, and uptake of ascorbic acid in livers of SMP30/GNL knockout mice. Arch. Biochem.
Biophys. 2010, 496, 38–44. [CrossRef]

46. Wohlrab, C.; Phillips, E.; Dachs, G.U. Vitamin C Transporters in Cancer: Current Understanding and Gaps in Knowledge. Front.
Oncol. 2017, 7, 74. [CrossRef] [PubMed]
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