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Abstract

L-Ascorbate (L-Asc), but not D-isoascorbate (D-Asc) and N-acetylcysteine (NAC) suppress HIF1 

ODD-luc reporter activation induced by various inhibitors of HIF prolyl hydroxylase (PHD). The 

efficiency of suppression by L-Asc was sensitive to the nature of HIF PHD inhibitor chosen for 

reporter activation. In particular, the inhibitors developed to compete with alpha-ketoglutarate 

(αKG), were less sensitive to suppression by the physiological range of L-Asc (40–100 μM) than 

those having a strong iron chelation motif. Challenging those HIF activators in the reporter system 

with D-Asc demonstrated that the D-isomer, despite exhibiting the same reducing potency with 

respect to ferric iron, had almost no effect compared to L-Asc. Similarly, no effect on reporter 

activation was observed with cell-permeable reducing agent NAC up to 1 mM. Docking of L-Asc 

and D-Asc acid into the HIF PHD2 crystal structure showed interference of Tyr310 with respect to 

D-Asc. This suggests that L-Asc is not merely a reducing agent preventing enzyme inactivation. 

Rather, the overall results identify L-Asc as a co-substrate of HIF PHD that may compete for the 

binding site of αKG in the enzyme active center. This conclusion is in agreement with the results 
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obtained recently in cell-based systems for TET enzymes and jumonji histone demethylases, 

where L-Asc has been proposed to act as a co-substrate and not as a reducing agent preventing 

enzyme inactivation.
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1. Introduction

L-ascorbic acid (L-Asc) is an established activator of non-heme iron α-ketoglutarate (αKG) 

dioxygenases, best exemplified by collagen and HIF (hypoxia inducible factor) prolyl 

hydroxylases (HIF PHD), and very recently by TET enzymes and jumonji histone 

demethylases. Hydroxylated prolines provide the necessary stability to collagen [1,2], 

whereas hydroxylation of Pro564 in HIF1α labels it for subsequent ubiquitinylation and 

proteasomal degradation [3]. Activation of HIF PHD inhibits the HIF-triggered anti-hypoxic 

program, which is known to significantly contribute to the resistance of malignant tumors. 

Such activation is obviously beneficial in promoting tumor killing, and L-ascorbic acid has 

been shown to be capable of lowering the level of HIF [4]. Cancer patients were shown to 

benefit from high doses of L-Asc delivered i.v. [5,6], but not orally [7]. Because of the latter 

finding, L-Asc as an anticancer treatment has been forgotten for decades. Interest in L-Asc 

has been renewed due to the recently demonstrated ability of millimolar concentrations to 

selectively kill cancer cells [8,9]; these concentrations are achievable by i.v. administration 

[10,11]. L-Asc administration significantly reduces tumor growth rates in mice, and in some 

of these studies, this effect was associated with the ability of L-Asc to inhibit the activity of 

the prosurvival HIF-1 [12,13]. Indeed, i.v. injections of high mM concentrations of L-Asc 

have been recently shown to be a promising treatment [14,15] and co-treatment [16] for 

cancer patients, despite the fact that the mechanism of this anticancer effect is still 

controversial [17].

The catalytic cycle of HIF PHD (Scheme 1) is an example of a multi-substrate mechanism, 

launched by the binding of a specific protein substrate. Only upon HIF binding (step B), the 

water molecule is displaced from the 6th coordination position yielding penta-coordinated 

iron, which immediately binds and activates oxygen (step C). In the absence of a specific 

substrate this step is three to five orders of magnitude slower for the enzymes of the same 

catalytic mechanism [18]. Oxidative decarboxylation of αKG yields succinate (step E), 

which provides two ligands to the iron till the completion of the catalytic cycle. The oxo-

iron formed in the first half-reaction then subtracts hydrogen atom from the HIF proline to 

form iron-bound hydroxyl radical (step F), which recombines with the proline radical, 

forming hydroxyl-proline (step G) [19]. Product dissociation is the rate-limiting step of the 

catalytic mechanism.

The major limitation in the homogeneous enzyme assay format for HIF PHD is the absence 

of a continuous assay of the enzyme activity [20,21]. The mechanistic studies on the L-Asc 

effect on the purified enzymes have been mainly performed with the use of high 
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concentrations of the enzyme and iron, with a significant contribution of the so-called 

uncoupled reaction when the oxo-iron form of the enzyme is supposed to attack an aromatic 

residue inside the enzyme active center, and not HIF (step Y). Hence, the activating effect L-

Asc is usually ascribed to enzyme stabilization in the so-called uncoupled reaction [22], by 

reducing the active center iron into the ferrous form (Scheme 1, step Z). In a typical 

homogeneous enzyme assay of HIF PHD activity, the assay mixture contains recombinant 

enzyme and HIF substrate (HIF peptide or recombinant HIF ODD), 200–500 μM αKG, 50–

100 μM iron (II) sulfate or chloride, 2–4 mM L-Asc and catalase [21,22], with point by point 

measurement of a key substrate or product concentration. However, L-Asc is not strictly 

required for the in vitro reaction as has been shown in Ref. [23]. Free Fe2+ is limited and 

stringently controlled within the cell. Therefore, these in vitro enzymatic analyses do not 

reflect the whole scenario of HIF PHD in catalyzing HIF hydroxylation in the cell.

We have reported on an optimized cell-based HIF1 ODD-luc reporter assay for drug 

discovery purposes, which demonstrates a number of advantages for monitoring the activity 

of the endogenous HIF PHD [24]. The advantage of the HIF1 ODD-luc fusion reporter assay 

over the commonly used transcriptional HRE-luc reporters is that this assay is quantitative 

and permits real-time monitoring of drug action. The reporter background signal 

corresponds to the equilibrium between the HIF1 ODD fusion protein synthesis and 

degradation, which is controlled by HIF PHD activity (rate-limiting step) [24]. The 

treatment with HIF PHD inhibitors (or 1% O2 hypoxia [25]) results in immediate 

stabilization of HIF1 ODD-luc fusion protein. The steady-state luminescent signal, which 

corresponds to the system re-equilibration in the presence of a reversible inhibitor of HIF 

PHD is reached within 2–3 h incubation [24] This work presents the results of studying the 

effect of L-Asc versus D-isoascorbic acid (D-Asc) and another potent cell-permeable 

reducing agent, N-acetic cysteine (NAC), on the activation of HIF1 ODD-luc reporter by 

HIF PHD inhibitors of various chemical nature. The results obtained confirm the 

stereospecific effect of L-Asc on the enzyme activity, which cannot be ascribed to its 

reducing properties only.

2. Materials and methods

2.1. Materials

HIF PHD inhibitors FG4592 and IOX2, mimicking αKG binding mode, were purchased 

from Cayman Chemical Co (Ann Arbor, MI, USA). Compound 8 (adaptaquin), identified by 

us as a potent and specific HIF PHD inhibitor, and its improved version 8a (cat #4896–3212) 

was purchased from ChemDiv (Skolkovo, Russia). Ethyl 3,4-dihydroxybenzoate (DHB), 

iron chelator which is supposed to bind in the site of αKG in HIF PHD; dimethyloxalyl 

glycine (DMOG) an inhibitor-mimic of αKG, and ciclopirox, a HIF PHD inhibitor and a 

potent iron chelator were from Sigma-Aldrich. ING-6, ING-66, and ING-94, a group of 

phenyl hydroxamates inhibitors of HDAC6 exhibiting the properties of potent HIF activators 

both in vitro and in vivo, were synthesized by I.N.Gaisina (Gaisina et al., submitted). The 

structure of inhibitors used is shown in Scheme 2. 10 mM stock solutions of HIF PHD 

inhibitors were made in DMSO and used to prepare serial ×50 dilutions right before the 

addition to the cell media. L-Asc, as well as D-Asc and N-acetylcysteine (NAC) stock 
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solutions were made just before the addition, in 50 mM Tris-HCl buffer, pH 7.4. Luciferase 

reagent was made by dissolving in 100 mM Tris-HCl buffer, pH 8.0, the following reagents: 

6 mM MgSO4, 1 mM EDTA, 5 mM dithiothreitol, 1 mM ATP, 0.4 mM Co-enzyme A, 0.6 

mM luciferin and 0.1 mM sodium pyrophosphate. The latter was made as 2 mM stock 

solution. The final pH was adjusted to 7.8 if necessary. Cell lysis reagent (×5) was from 

Promega. Cell culture media and reagents were from Gibco (USA). All other reagents used 

were from Sigma (St. Louis, MO).

2.2. Methods

HIF1 ODD-luc reporter assay: SH-SY5Y cell lines stably expressing HIF1 ODD-luc 

reporter [24] were grown in the DMEM/F12 supplemented with GlutaMAX (Thermo Fisher 

Scientific) containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin and 

plated into 96–well white flat-bottom plates at 20,000 cell/well in 100 μL serum and 

incubated overnight at 37 °C, 5% CO2. After 20 h cultivation, L-Asc, or D-Asc, or NAC had 

been added to the wells (2 μL) to get the desired final concentrations, and then, the studied 

inhibitors were titrated within the desired range of concentrations depending on the strength 

of the enzyme inhibitor. The plates were incubated for various times (0–4 h) at 37 °C. The 

medium was removed, cells lysed with 20 μL Lysis buffer (Promega) for 7 min at RT, and 

luciferase activity was measured on a SpectraMax M5e platereader (Molecular Devices, 

Sunnyvale, CA) with 80 μL of luciferase reagent (made as described above). Based on the 

activation time-course, with the stabilization of luminescence level attributed to equilibration 

of the system, when the rate of luciferase fusion synthesis becomes equal to the rate of its 

degradation, 3 h incubation was used as optimal (optimization example is shown in 

Supplementary Fig. S1 for DHB). The reporter activation was normalized to the background 

luminescence and protein content as described in Ref. [24]. The experiments were 

performed in triplicate. EC50 values were calculated from a four-parameter sigmoid dose 

response using SigmaPlot non-linear regression module.

RT-PCR analysis: N2a mouse neuroblastoma cells were treated with either vehicle 

(DMSO + PBS), Compound 8a (at two different concentration 2 μM and 5 μM, prepared in 

DMSO), 100 μM L-Asc (prepared in 50 mM PBS), 100 μM D-Asc (prepared in 50 mM 

PBS), and the combinations of 5 μM Compound 8a with 100 μM L-Asc and D-Asc for 4 h. 

The lysates were used to isolate total mRNA using TRI reagent according to the 

manufacturer’s protocol (Sigma-Aldrich). Reverse transcription of total RNA was performed 

using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The 

cDNA was diluted, and about 20 ng was used to amplify in an ABI prism 7900 HT Real-

time PCR system (Applied Biosystems) for HIF1α, its target genes VEGF, HO-1, and Nrf2 

target gene NQO-1 (as a negative control) using PowerUp SYBR Green Master Mix 

(Thermo Fisher Scientific). Cycling parameters were 95 °C for 10 s, followed by 60 °C for 1 

min. Relative expression was calculated using the ΔΔCt method [26]. The experiment was 

performed in triplicate. One way ANOVA with post-hoc Tukey test was used for the 

determining the statistical significance among different groups. Values are expressed as a 

fold change from control reaction and normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) or β-actin expression. Mean ± SEM is plotted as bar graph.
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Docking experiments—L-Asc were performed using the CDOCKER algorithm 

(Discovery studio 2.5, Accelrys, San Diego, CA), followed by force field minimization 

(CHARMm, [27]) and binding energy calculations using the PHD2 crystal structure with the 

bound inhibitor (2G19.pdb) as the starting template structure (there were amino acids 

missing on the N-terminus and C-terminus of the structural model, however these were not 

in close proximity to the binding site and therefore there was no need to add them to the 

structure). We applied docking restraints taking into account the results of the study on the 

structure-activity relationship for ascorbic acid analogs with respect to inhibition of collagen 

hydroxylase, which demonstrated a mandatory presence of two keto-groups in the analog 

structures for iron chelation [28] Manual docking was performed for D-Asc.

3. Results

3.1. L-ascorbic acid, but not D-isoascorbic acid or N-acetylcysteine, suppresses HIF1 
ODD-luc reporter activation by Compound 8a, DHB and ING-6

L-Asc potently suppresses reporter activation induced by Compound 8a, which specifically 

inhibits HIF PHD among other enzymes of this group and also is an iron chelator with the 

constant of 100 nM like all 8-hydroxyquinoline derivatives [24] (Fig. 1A and B). The effect 

is observed already at 10 μM L-Asc (a 20-fold excess over half-activation concentration, 

EC50). With an increase in L-Asc concentrations, EC50 increases ca. 1.5-fold, whereas the 

magnitude of activation drops 2.5-fold. The L-Asc effect shows saturation at concentrations 

above 40 μM (Fig. 1A). The L-Asc effect could be non-specific due to the iron reduction 

restoring the Resting state and preventing inactivation (Scheme 1, step Z); or it could be 

specific showing preference for L-Asc only. It is particularly note-worthy that neither D-Asc 

nor NAC applied in the equal concentration cause any change in reporter activation (Fig. 

1A). An increase in NAC concentration up to 1 mM also has no suppressing effect on the 

reporter activation with either drug (not shown). In accord with the recent publication on in 
vivo suppressive effect of NAC on HIF stability, 10 mM NAC concentration in the blood is 

necessary to have an effect similar to 50 μM L-ascorbate [29]. Comparison of reducing 

power of L-Asc and D-Asc (1 mM) performed in the reaction of 1 mM potassium 

ferricyanide reduction in 50 mM Tris-HCl buffer, pH 7.4, showed no difference in reduction 

kinetics (results not shown). One may expect the same effect for the agents with the equal 

reducing potency. Thus, if the observed suppression effect is the result of preventing the 

enzyme inactivation in the uncoupled reaction with ascorbic acid, we have to assume that the 

reduction is stereospecific for L-Asc. The same preference for L-Asc is observed when 

competing with two other HIF PHD inhibitors tested, ethyl 3,4-dihydroxybenzoate (DHB) 

(Fig. 1C), and ING-6 (Fig. 1D). The suppressing effect in the case of ING-6 was clearly 

weaker than for Compound 8 and DHB, hence, the effect could depend on the structure/

properties of HIF PHD inhibitors.

3.2. L-ascorbic acid suppression of reporter activation depends on the nature of HIF 
prolyl hydroxylase inhibitors

Three different groups of HIF prolyl hydroxylase inhibitors had been selected (Scheme 2) to 

study the suppression effect of L-Asc in the HIF1 ODD-luc reporter assay: the first group 

represent inhibitors mimicking the binding mode of αKG in the enzyme active center, 
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namely dimethyloxalyl glycine (DMOG), FG-4592, and IOX2; the second group represent 

phenylhydroxamates with various “hanging tails” originally developed as HDAC6 inhibitors, 

which display appreciable side activity as HIF PHD inhibitors, and are successfully docked 

in the binding site of αKG providing two ligands for iron with their N-hydroxamate moiety 

(Gaisina et al., submitted); the third group represent iron chelators that can fit inside the 

PHD2 active center such as ethyl 3,4-dihydroxybenzoate (DHB), which inhibition constant 

in the HIF PHD enzyme assay equals to 5 μM [30]; ciclopirox, a potent iron chelator (with 

50 nM constant) and “branched tail” oxyquinoline, Compound 8 (or adaptaquin), specific for 

HIF PHD (EC50 of ca. 2 μM) among other enzymes of this group [31].

DMOG is widely used as a HIF activator working at ca. 1 mM concentration resulting in 

HIF1 and HIF2 stabilization after 2 h incubation, despite the fact that it is not specific for 

HIF PHD and targets all αKG-dependent enzymes, including that of mitochondria, - its 

inhibitory action on mithochondria respiration is immediate [32]. Taking into account the 

DMOG effect on cell metabolism, and Krebs cycle enzymes in particular, one may speculate 

that there is contribution of Krebs cycle inhibition into the observed HIF stabilization due to 

the accumulation of pyruvate and oxaloacetate, which are not very potent αKG mimics and 

whose effect on HIF stabilization is known to be suppressed by 100 μM L-ascorbate [33]. It 

can be seen that L-Asc suppression effect is pronounced for DMOG up to 250 μM (Fig. 2A), 

but at higher DMOG concentrations (mM range), comparable to the intracellular 

concentration of αKG in the neuroblastome cell line (2.3 mM [34]), L-Asc effect becomes 

negligible (not shown). This is in agreement with the reported absence of L-Asc effect on 

HIF stabilization induced by 1 mM monomethyloxalylglycine studied by immunoblotting in 

Ref. [35]. Our results suggest the importance of the concentration ratio of an inhibitor, αKG, 

and L-ascorbate, which indirectly indicates the competitive character of the observed effect.

When we consider HIF PHD2 inhibitors specifically designed to bind the enzyme with high 

affinity, the suppressing effect of L-Asc on activation is minimal for FG-4592 (Fig. 2B), and 

IOX2 (Fig. 2C), if any. One may speculate that the excess of L-Asc over EC50 is ca. 1–2, 

which may be not sufficient. However, a better explanation is based on the fact that both 

inhibitors are specific for HIF PHD and competitive versus αKG. The inhibition constants 

reported for the homogeneous enzyme assay with PHD2 were in the nanomolar range 

(FG-4592 [36] and IOX2 [37]). Many orders of magnitude higher EC50 observed in the 

reporter assay for IOX2 and FG-4592 reflect significant competition from the intracellular 

αKG (2.3 mM), which is a well-known effect discussed before in Ref. [34]. Briefly, for a 

competitive inhibitor the dependence of the reaction rate on the substrate and inhibitor 

concentration can be expressed as follows:

V= Vm/(1 + Km/[S] + Km[I]/Ki[S]), where Vm is the maximal rate, Km is Michaelis constant 

for αKG, and Ki is the inhibition constant for a drug competing for the αKG binding site; 

[S] and [I] are αKG and drug concentrations, respectively. For a millimolar level of 

intracellular αKG, Km/[S] will be in the range of 0.001–0.01: the Km[I]/Ki[S] term will have 

an effect on the observed rate only at the inhibitor concentrations of 100–1000 fold higher 

than its true inhibition constant determined in the enzyme assay. As shown in Ref. [34], the 

EC50 value for Compound A (an αKG mimicking inhibitor developed by Amgen) in the 

neuroblastoma cell line is 18.5 μM, whereas the inhibition constant determined in the 
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enzyme assay is 7 nM (a 3000-fold offset). If L-Asc competes with the reported Km of ca 50 

μM [23] for the same αKG binding site with these inhibitors, it definitely fails since they 

being taken at micro-molar concentrations, which are three orders of magnitude higher than 

their true inhibition constant, had already outperformed 2.3 mM intracellular αKG. At 

higher concentrations of an inhibitor L-Asc seems to stimulate the activation (Fig. 2B and 

C). Titration of FG-4592 up 0.6 mM clearly demonstrates its toxicity above 100 μM, and D-

Asc becomes protective and increases the activation effect, whereas L-Asc has no effect at 

all (Supplementary Fig. S2).

Phenyl hydroxamate inhibitors bind active center iron via the hydroxamate group. The three 

inhibitors chosen differ only in the structure of indoline rings, which are supposed to interact 

with the amino acid residues at the entrance to the active center. The EC50 values of these 

inhibitors are very close to each other (7–10 μM), and if L-Asc had been competing for the 

active site iron and not the enzyme, one may expect a similar suppressing effect for all three 

activators. However, the effect of L-Asc is sensitive to the indoline ring structure (Fig. 2D–

F). ING-6 is most susceptible for L-Asc inhibition (Fig. 2D), whereas ING-66 is not 

sensitive at all (Fig. 2E). One of the possible explanations for the absence of the suppressing 

effect of L-Asc could be the pro-oxidative nature of the difluorooxindole ring in the 

“hanging tail” of ING-66, which may covalently modify cell components and exhibit 

enhanced toxicity. In this case, protective effect of L-Asc will mask its suppressing effect, 

similarly to the FG-4592 case.

The most pronounced suppression of reporter activation by physiological levels of L-Asc 

(0.04–0.1 mM) is observed for HIF PHD inhibitors with a chelating motif (Fig. 2G–I). DHB 

is a weak HIF PHD inhibitor (5 μM inhibition constant, EC50 0.25 mM), which binds to the 

αKG site and chelates the active site iron. The activation effect induced by DHB is very 

sensitive to L-Asc pointing to the strong competition from L-Asc for the active site iron (Fig. 

2G). Ciclopirox is a potent iron chelator capable of binding iron inside HIF PHD active 

center and possibly to extract the iron from HIF PHD. L-Asc shifts EC50 for ciclopirox by 

an order of magnitude (Fig. 2H). For Compound 8, as we discussed above, there is a 

significant drop in the magnitude of activation, but a minor change in EC50 (Fig. 2I). The 

severity of suppression by L-Asc could originate from its significant excess over Compound 

8 or ciclopirox, and thus, support the competing mode of its interaction with the enzyme 

against enzyme inhibitors. On the other hand, these inhibitors are iron chelators, and they do 

not compete for the αKG binding site protected by high intracellular concentrations of 

αKG, but they do compete for the active center iron binding.

3.3. Effect of L-ascorbic acid studied by RT-PCR (Fig. 3)

Compound 8a is a potent HIF PHD inhibitor and displays a concentration-dependent 

activation of two major HIF1 target genes – VEGF and HO-1 (Fig. 3) at 4 h incubation, 

which makes the induction of this gene specific for HIF activation, whereas non-specific 

activation requires much longer time (for example, 16 h minimum are required for VEGF 

activation via PCG1α pathway [38]). Compound 8a is active even at 2 μM and 4 h 

incubation, which cannot be achieved with other known HIF PHD inhibitors. This activation 

originates from HIF1α stabilization and is not due to additional expression, since the level of 
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HIF1α mRNA is unchanged (Fig. 3). The activation observed is specific for HIF1 targets: 

the well-known target of Nrf2 – NQO1 gene - shows no increased expression. Co-treatment 

with 100 μM L-Asc (the upper level of L-Asc in blood without additional supplementation) 

or D-Asc results in the inhibition of gene activation. The effect is more pronounced for L-

Asc (20% inhibition for VEGF and 25% inhibition for HO-1) than for D-Asc (inhibition 

under 10%). Co-treatment of 5 μM Compound 8a with 100 μM L-Asc has almost the same 

effect on HIF1 target gene expression as lowering the activator concentration to 2 μM. 

Hence, the results obtained by RT-PCR prove the existence of a specific suppression by L-

Asc, rather than D-Asc. This effect is less pronounced than that observed in the reporter 

assay (Fig. 1). We rule out the additional L-Asc effects on transcription of HIF1 target 

genes, since there are no changes in the presence of L-Asc in their expression within the 

experimental error (Fig. 3). HIF stabilization is the first step towards the activation of the 

transcriptional program that is dependent on some additional HIF modifications affecting its 

translocation to the nucleus. So, the less pronounced suppressing effects could reflect the 

difference between the integral nature of transcriptional response compared to HIF 

stabilization step monitored by the reporter the assay.

3.4. Docking

As shown in Fig. 4A, L-ascorbic acid can be successfully docked in the binding site of 

αKG, which is occupied by an inhibitor in the resolved crystal structure of HIF PHD2. In 

contrast, the attempts to dock its D-isomer, D-Asc, in the same binding site, were 

unsuccessful. As shown in Fig. 4B, there is a significant interference of Tyr310 in the 

enzyme active site with respect to the chiral hydroxyl-group distinguishing L- and D-

conformations of ascorbic acid. Hence, L-Asc but not D-Asc, may occupy the αKG binding 

site and chelate the active center iron. The docking results are consistent with the 

experimentally observed stereospecificity of the observed suppressing effect, supporting a 

model for L-Asc binding to the HIF PHD active center.

4. Discussion

The data obtained suggest a competing nature of L-Asc for the mechanism of action of HIF 

PHD. The evidence for such conclusion is as follows: (1) L-Asc suppressing effect on 

reporter activation in the presence of HIF PHD inhibitors depends on the chemical nature of 

the inhibitor used; (2) cell treatment with cell-permeable reducing agent, NAC, (up to 

millimolar concentrations) has no effect of HIF1 ODD-luc reporter stabilization by HIF 

PHD inhibitors of any nature; (3) L-Asc suppressing effect on reporter activation shows a 

saturation behavior, indicative of the Michaelis-Menten type interaction; (4) D-Asc exerts a 

minor effect, if any, on reporter activation by various HIF PHD inhibitors. Exogeneous 

application of L-Asc is known to penetrate the cell preferentially via specific transporters 

[39,40] and reach the same intracellular concentration as the applied one [41]. In the absence 

of specific transporters for D-Asc, one may expect its weaker effect, but not the complete 

absence of such effect in the reporter assay. In addition, L-Asc, but not D-Asc, can be 

successfully docked in the αKG binding site of HIF PHD2.
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Our observations and conclusions are in agreement with the recent research on other 

important enzymes of αKG Fe-dioxygenase group such as TET enzymes and jumonji 

histone demethylases. Both enzymes regulate the epigenome and their activity is directly 

linked to L-Asc availability [42].

TET enzyme catalyzes oxidative demethylation of cytosine in three consecutive steps, 5-

methylcytosine (5 mC) into 5-hydroxymethylcytosine (5hmC), further to 5-formylcytosine 

(5 fC) and 5-carboxylcytosine (5caC), which are ultimately replaced by unmodified 

cytosine. The global loss of 5hmC changes the DNA methylation-demethylation dynamics 

and genome-wide gene expression, which eventually leads to malignant transformation. L-

Asc plays the key role in the observed effects. In particular, genetic variation in L-Asc 

transporters (SVCT1 and SVCT2) is associated with the risk of certain types of cancer. 

Cosmics, a cancer somatic mutation database (http://cancer.sanger.ac.uk/cancergenome/

projects/cosmic/), shows SVCTs mutations identified in breast cancer, colorectal adenoma, 

brain tumors and other cancers.

The evidence for L-Asc working as a specific cofactor of TET, and not a general reducing 

agent, was obtained in a variety of experiments: (a) Cell treatment with reducers such as 

glutathione (GSH) do not change the level of 5hmC [43]; L-Asc directly enhances the 

activity of purified C-terminal catalytic domain of TET2 to oxidize 5 mC to 5hmC and 5 fC, 

while the reducers such as spermidine, vitamin B1, vitamin E, glutathione, NADPH, and L-

cysteine do not [44]; (b) Iron removal from the culture medium did not affect the induction 

of 5hmC by L-Asc, hence, the effect of L-Asc on 5hmC generation is independent of 

cellular uptake of iron [43]; (c) L-Asc treatment of the cells cultured with different 

concentrations of glucose, a major precursor of αKG, exhibited similar levels of 5hmC 

generation, which is indirect proof of L-Asc acting as a true substrate, alternate to αKG 

[43]. These published observations for TET enzyme are consistent with those obtained in 

this study, that L-Asc is likely a true substrate and not just a reducing agent.

An open question is whether L-Asc can replace αKG as a PHD substrate completely. 

Degeneration of mitochondria in cancer cells may compromise the levels of available αKG, 

and in such scenario, one may speculate that L-Asc could play the role of αKG: L-Asc is 

known to reduce oxygen into hydrogen peroxide in the presence of trace metals such as iron, 

hence, the mechanism of HIF hydroxylation in the presence of L-Asc may first include 

generation of hydrogen peroxide from iron-bound oxygen right inside the HIF PHD2 active 

center, and then disproportionation of iron-bound hydrogen peroxide yielding oxoferryl and 

water. If such process occurs in reality, it also means that hydrogen peroxide itself can 

replace oxygen in the catalytic cycle of prolyl hydroxylase when catalytic iron is 

coordinated by any bi-ligand agent fitting into the αKG binding site. An indirect proof for 

such speculation can be found in the recent paper [45] on collagen 4-prolyl hydroxylase, 

where two enzyme inhibitors providing bi-ligand coordination of the active center iron were 

acting as enzyme activators in the presence of L-Asc.
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5. Conclusions

The increasing interest in the L-Asc co-treatment of cancer dictates the need for re-

examining the role of L-Asc in the catalytic cycle of many enzymes and in particular those 

directly relevant to cancer susceptibility and progression. These include the group of non-

heme iron αKG dioxygenases such as HIF PHD and important epigenetic enzymes, as well 

as may others among this 60-member group in human genome which functions are still 

barely known.
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Fig. 1. 
Inhibition of HIF1 ODD-luc reporter activation by L-ascorbate. A, Effect of N-acetyl 

cysteine (NAC), D- and L-Asc on reporter activation induced by Compound 8a upon 3 h 

incubation; B, Saturating character of L-ascorbate inhibition of reporter activation by 

Compound 8a; C, Effect of D- and L-Asc on reporter activation induced by ING-6; D, Effect 

of NAC, D- and L-Asc on reporter activation induced by 3,4-dihydroxybenzoate (DHB).
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Fig. 2. 
Inhibition effect of L-ascorbate on activation of HIF1 ODD-luc reporter activation is 

sensitive to the nature of activator. 3 h incubation. Structure of activators used is shown in 

Scheme 2.
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Fig. 3. 
RT-PCR of L-Asc vs D-Asc (100 μM) effects on HIF-1 target genes induction by Compound 

8a in N2a mouse neuroblastoma cells (4 h incubation with the inducer ± ascorbate). VEGF 

and HO-1 were used as HIF-1a and target genes, NQO-1, an Nrf2 target gene, was used as a 

negative control. Values are expressed as a fold change from control reaction and normalized 

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-actin expression. Mean ± 

SEM is plotted as bar graph.(*p < .05 vs Vehicle control; #p < .05 vs Compound 8a 2 μM; 
$p,0.05 vs Compound 8a 5 μM; @p < .05 vs L-Asc (100 μM); !p < .05 vs D-Asc (100 μM); n 

= 3 per group).
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Fig. 4. 
Computer modeling of plausible L-Asc (A) and D-Asc (B) accommodation inside the active 

center of PHD2 (2G19.pdb). Tyr310 is shown in red. Iron atom in blue. Details in Materials 

and Methods.
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Scheme 1. 
HIF prolyl hydroxylase catalytic cycle accounting for a plausible role of L-Asc preventing 

enzyme inactivation.
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Scheme 2. 
Chemical formula of HIF PHD inhibitors used in the work.
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