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Abstract

We present an overview of small molecule glucose-6-phosphate dehydrogenase (G6PD) inhibitors 

that have potential for use in the treatment of cancer, infectious diseases, and inflammation. Both 

steroidal and non-steroidal inhibitors have been identified, with steroidal inhibitors lacking target 

selectivity. The main scaffolds encountered in non-steroidal inhibitors are quinazolinones and 

benzothiazinones/benzothiazepinones. Three molecules show promise for development as anti-

parasitic (25 and 29) and anti-inflammatory (32) agents. Regarding modality of inhibition (MOI), 

steroidal inhibitors have been shown to be uncompetitive and reversible. Non-steroidal small 

molecules have exhibited all types of MOI. Strategies to boost the discovery of small molecule 

G6PD inhibitors include exploration of structure-activity relationships (SARs) for established 

inhibitors, employment of high-throughput screening (HTS), and fragment-based drug discovery 

(FBDD) for the identification of new hits. We discuss the challenges and gaps associated with drug 

discovery efforts of G6PD inhibitors from in silico, in vitro and in cellulo to in vivo studies.
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Introduction

Glucose-6-phosphate dehydrogenase (G6PD) catalyzes the conversion of glucose-6-

phosphate (G6P) to 6-phospho-glucono-δ-lactone (6PGL), the first and rate-limiting step 

in the oxidative phase of the pentose phosphate pathway (PPP) (Figure 1). Production of 

NAPDH in this transformation allows for glutathione disulfide (GSSG) to be reduced to 

the monomeric thiol, glutathione (GSH). In turn, GSH acts as a radical scavenger and 

prevents the accumulation of reactive oxygen species (ROS).1–2 The NADPH generated 

in this process can be used for fatty acid synthesis3–4 whereas ribose-5-phosphate (R-5P), 

the isomer of ribulose-5-phosphate (Ru-5P) and open form to the respective furanose, is 

important for nucleotide synthesis.1, 5–7

Given the vital role of G6PD in nucleic acid synthesis, fatty acid synthesis, and redox 

homeostasis, G6PD is a compelling target for modulation. Indeed, hypoactive or hyperactive 

G6PD has been linked to the pathology of many human diseases, including cancer,8–10 

hemolytic anemia,11 type II diabetes,12–13 cardiovascular diseases,14–17 and neurogenerative 

diseases.18–19 In the cases of hemolytic anemia and neurodegenerative disorders, the 

pathology is caused by reduced G6PD activity and activation of G6PD is of therapeutic 

interest; an activator of G6PD would mitigate oxidative stress derived from underperforming 

G6PD. However, in the context of cancer and chronic inflammation, G6PD is hyperactive 

and requires inhibition. Additionally, the activity of parasitic G6PD, present in parasites that 

cause trypanosoma or malaria, is critical for parasitic survival and the inhibition of parasitic 

G6PD has been explored as a treatment against infectious diseases. This Perspective focuses 

on the discovery and potential development of small molecule inhibitors of G6PD and their 

use in cancer, infectious diseases, and chronic inflammation.

Steroidal G6PD Inhibitors in the Context of Cancer and Infectious Diseases: 

Optimization of Existing Inhibitors via SAR Exploration

Cancer

The history of G6PD inhibitors as potential therapeutics for cancer treatment starts with 

dehydroepiandrosterone (DHEA) (1) and epiandrosterone (EA) (2) (Figure 2). Both DHEA 

(1) and EA (2) are involved in the metabolic pathway of testosterone, with EA having a 

weaker androgenic activity compared to DHEA. There are three enzymes for which DHEA 

(1) serves as a substrate in its naturally occurring role: 3-β-hydroxysteroid dehydrogenase 

2 (HSD3B2), 17-β-hydroxysteroid dehydrogenase 5 (17BHSD5), and steroid sulfatase 

(sulfotransferase). Sulfotransferases introduce sulfate groups to hydroxy groups, rendering 

DHEA and other substrates more water soluble. Given that 1 is involved in testosterone 

biosynthetic pathways,20–21 it is apparent that lack of target selectivity has raised concerns 

for its consideration as an anticancer agent.
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Marks and Banks were the first to show that 17- and 20-ketosteroids act as inhibitors of 

mammalian G6PD.22 Over the years, mechanistic investigations have demonstrated that 

1 acts as an uncompetitive inhibitor of G6PD with respect to both NADP+ and G6P.23 

The KM for both the substrate and NADP+ or the products (lactone and NADPH) across 

different studies, confirm uncompetitive inhibition (KM,G6P ~ 6KM,NADP
+ and KM,lactone 

~ 35KM,NADPH).23–25 Additionally, the reported Ki values for the forward and reverse 

reactions suggest reversible inhibition, implying uncompetitive, yet reversible, inhibition 

of G6PD by 1 and related steroids.23 This type of inhibition for both NADP+ and G6P 

indicates that it binds to the ternary enzyme-NADP+-G6P complex.26 Although there 

have been studies to propose this MOI, since a co-crystal structure of the steroid/G6PD/

NADP+ complex is not available, the pharmacophoric interactions which may inform drug 

design remain unknown. Crystal structures of human (Homo sapiens; tetrameric),27–28 

trypanosomal (Trypanosoma cruzi; tetrameric),29 and bacterial (Leuconostoc mesenteroides; 

dimeric) 30–31 G6PD will assist in analyzing pharmacophoric interactions and will help 

inform future SAR studies.

In recent years, the groups of Hamilton and Cordeiro have focused on the development of 

steroidal analogues of 1 and 2 with the goal of improving selectivity for G6PD. Although 

both groups have focused on the identification of new steroidal analogues, their drug 

discovery approaches have been different. The Hamilton group has focused on targeting 

human G6PD (hG6PD) for cancer and the Cordeiro group has targeted trypanosoma 

(TrG6PD) to selectively inhibit the parasite G6PD as a treatment for trypanosomiasis.

Hamilton et al.32 classified the newly designed and synthesized analogues into three 

categories: androstane analogues with 3β-amino-substituents (3), pregnane analogues with 

3β-amino-substituents (4) and androstane derivatives with 3α-amino-substituents (5), as 

summarized in Figure 2. Of the three G6PD inhibitory analogues, the last class of analogues 

5 (3α-analogues) showed inferior inhibitory activity compared to 1 and 2, highlighting the 

importance of retaining the R group above the ring (3β-analogues 3 and 4). Replacement 

of the 3-OH with other hydrogen donors such as amides, ureas, carbamates, sulfamides and 

sulfonamides led to analogues with superior activity (Figure 2). From the 3β-androstane 

analogues, urea 3a and sulfamide 3b demonstrated up to 10-fold higher inhibitory activity 

compared to 1 and 2, with IC50 values of 1.0 ± 0.1 μM (R = NHCONHEt, urea 3a) and 1.2 ± 

0.1 μM (R = NHSO2NH2, sulfamide 3b), respectively.

Of the 3β-pregnane derivatives, the corresponding sulfamide 4a (R = NHSO2NH2) inhibits 

the enzyme with an IC50 of 1.2 ± 0.2 μM. The presence of a hydroxy group at C21 proved 

to be essential for this higher potency; in its absence, the IC50 was increased to 2.0 ± 0.4 

μM. However, this replacement provided a five-fold more potent analogue compared to the 

parent 1 and 2. As shown in Figure 2, the groups on the C3 carbon serve as hydrogen bond 

donors and the groups at C17 (androstane core) or C20 (pregnane core) act as hydrogen 

bond acceptors. Compounds which demonstrated better activity than the parent 1 and 2 
in the enzyme assay (IC50 <9.4 ± 1.0 μΜ) were tested in cellular assays using HEK293T 

cells. Unfortunately, the pharmacologic profile of the selected compounds was poor and no 

correlation between the enzymatic and cellular assays could be drawn.

Koperniku et al. Page 3

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two main factors may influence the lack of biological activity: aqueous solubility and 

cell permeability. Two of the most potent compounds with excellent inhibitory enzyme 

activity, 3β-sulfamides 3b and 4a, were water-soluble; however, they were the least potent 

in cellular assays. Therefore, poor aqueous solubility does not explain discrepancies between 

in vitro and in cellulo potency. To determine whether membrane permeability explained 

reduced compound activity, a Caco-2 permeability assay was employed. The measured 

permeabilities were good to moderate, suggesting poor permeability does not cause reduced 

inhibitory activity in cell-based assays. The authors concluded that a combination of 

factors pertinent to solubility, permeability and inherent assay differences are the cause 

for the observed discrepancy in inhibitory activities. However, it is possible that since these 

compounds are structurally similar to 1, they could be sequestered by enzymes recognizing 

1 (HSD3B2, 17BHSD5 and sulfotransferase) or be metabolically transformed in cellular 

assays and, thus, their actual intracellular concentration is insufficient to inhibit G6PD. In 
vitro studies using human liver microsomes demonstrated good metabolic stability for the 

compounds, making it unlikely for metabolic transformations catalyzed by P450 enzymes to 

account for the profile discrepancy observed between the biochemical and assay in cells.

Infectious Diseases

Although research efforts have focused on the development of new steroidal analogues 

of both 1 and 2 to improve target selectivity between the cognate protein and G6PD in 

humans, differences in sequence conservation across species have made it an attractive 

target for the treatment of infectious diseases, by selectively targeting the G6PD enzyme 

of the pathological microorganisms. Steroidal derivatives of 1 and 2 have been shown to 

exert anti-infective properties in the parasites Plasmodium falciparum (P. falciparum),33 

Cryptosporidium pavnum,34 Schistosoma mansoni,35 Trypasonoma cruzi (T. cruzi),36 Taenia 
crassiceps37 and Entamoeba histolytica.38 In all cases, the mechanism of action is unknown. 

In the case of Trypanosoma species, steroidal derivatives have been investigated for 

development as anti-infective agents.

In the work developed by Cordeiro, 1 and 2 (Figure 2) inhibited TrG6PD,39 acting as 

uncompetitive inhibitors for both substrates, G6P and NADP+ (in the low micromolar 

range), providing trypanocidal activity against Trypanosoma brucei (T. brucei). Notably the 

Ki for TrG6PD was ~6-fold lower than that for hG6PD for both G6P and NADP+, indicating 

a higher affinity of both steroids 1 and 2 for the parasitic G6PD. Viability assays on cultures 

of bloodstream forms of T. brucei (427 strain) identified an LD50 for 1 and 2 of 43.8 ± 2 

and 24.5 ± 0.7 μM, respectively. Both 1 and 2 were also tested against Leishmania mexicana 
(L. mexicana) but had no inhibitory effect. These results demonstrate that 1 and 2 may be 

selective for certain types of trypanosomes. The molecular basis for this difference may shed 

light on the pharmacophore or its pharmacokinetics in the two trypanosome species.

In a subsequent study, Cordeiro et al. showed that 16-bromoepiandrosterone (16-BrEA, 

6) (Figure 2) exerts trypanocidal activity against T. cruzi, the parasitic protozoan causing 

Chagas disease, via the inhibition of TrG6PD.40 The IC50 value for 6 was 86 ± 8 nM and 

its LD50 in parasitic cultures (T. cruzi epimastigotes, Y strain) was found to be 12 ± 8 

μM, with this 100-fold value difference suggesting that 6 has a broad therapeutic index. For 

Koperniku et al. Page 4

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparison, the authors measured the IC50 values of 1 and 2 for TrG6PD which were found 

to be 25.0 ± 3.5 and 5.6 ± 1.2 μΜ, respectively. Whereas the authors measured the Ki values 

for 1 (Ki = 21.5 ± 0.5 μΜ) and 2 (Ki = 4.8 ± 0.3 μΜ), the measurement of the Ki value of 

6 would have allowed for a broad comparison across the species T. cruzi and T. brucei, and 

potency comparison for hG6PD, since this comparison was addressed in the study focusing 

on T. brucei.39 Notably, the same group has further increased the selectivity for TrG6PD (T. 

cruzi) by designing and synthesizing derivatives of 6 and achieving high selectivity for the 

parasitic G6PD.41 In addition to maintaining the bromine at C16, the C3-hydroxy group was 

either esterified or etherified. This strategy, leading to abolition of hydrogen bond donating 

features of the C3-hydroxy group, aimed to increase the selectivity of the new compounds 

for TrG6PD over hG6PD.

The necessity for C3-hydrogen bond donating groups was projected as an essential feature 

for inhibitory activity toward hG6PD by Hamilton et al. Non-brominated derivatives were 

also synthesized for some analogues. Although these non-brominated derivatives were not 

cytotoxic to the host, they were not potent inhibitors of T. cruzi. This further demonstrates 

the necessity for bromine at C16 for optimal potency against the parasite. In Figure 3, we 

show C3 esterified and etherified derivatives of type 7 and 8, respectively. These compounds 

were tested in rat H9C2 rat cardiomyocytes infected with epimastigotes (Y strain) of T. 
cruzi. Compounds of type 7 and 8 that at a concentration of 20 μΜ reduced the cell viability 

to 25% or less were subjected to a dose-response assay starting at lower concentrations. 

The purpose was to measure efficacy against the parasite and toxicity against the host 

cell. In addition, the selectivity index (SI) (EC50-host/EC50-T.cruzi) was measured to assess 

selectivity between the TrG6PD and hG6PD. Carboxylic esters 7a and 7b were shown to 

be the least potent (EC50 values 8.5 ± 1.5 and 16.7 ± 4.2 μΜ, respectively); however, 7b 
had the broader therapeutic window between the parasite and the host (EC50 value for the 

host for 7b: 54 ± 3.3 μΜ). On the other hand, sulfonate 7c and ether derivatives 8a-c were 

more potent (range of EC50 values: ~2–4 μΜ) against T. cruzi but insufficient selectivity 

was achieved between the parasite and the host. A reason for the discrepancy in potency 

between the carboxylate esters and the ether derivatives could also be that the esters are 

cleaved by esterases in the cytosol, therefore, a greater dose is required to achieve the same 

pharmacological profile compared to the ether derivatives. Although compounds 7b and 8c 
had nearly the same SI, the EC50 for 8c was as low as 8.5 ± 1.9 μM for the host, rendering 

it cytotoxic. Future development for preclinical studies would need to focus on increasing 

the SI through additional rounds of SAR optimization and evaluation of the amine congeners 

of 8b and 8c for optimal dissolution in the stomach; amines, in contrast to amides, can 

be protonated and that contributes to their better solubility. Although optimal dissolution 

depends on protonation of the molecule, the determinant for absorption is the availability of 

the uncharged molecule, that is, the free base. Unless the internalization mechanism involves 

organic anion or cation transporters, only the free base is permeable through cell membranes 

via diffusion. Other non-brominated analogues of 2 with non-hydrolyzable groups at C3 

but which possess substituents with hydrogen bond donating or accepting groups were in 

general weak inhibitors of TrG6PD.
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An advantage associated with all steroidal inhibitors, encountered both in the context of 

cancer and infectious diseases, is that they lack functional groups which would serve 

as Michael acceptors. Thus, their promiscuity as substrates for Michael donors, such as 

thiolates from cysteines, is attenuated. Despite 1 and 2 exhibiting lower Ki values for 

TrG6PD (for T. brucei) compared to hG6PD and 6 exhibiting a lower IC50 value compared 

to 1 and 2 for T. cruzi, the lack of selectivity for parasitic G6PD can cause complications in 

the mammalian host. These complications are due to the androgenic effects of steroids.42–43

Non-Steroidal G6PD Inhibitors from HTS in the Context of Infectious 

Diseases, Cancer, and Inflammation

Infectious Diseases

The lack of species and target selectivity led Cordeiro et al. to pursue non-steroidal 

G6PD inhibitors that are selective toward the protozoic G6PD enzyme by conducting 

high throughput screening.44 Hits identified in the primary screen and their analogues 

were subjected to follow-up studies; compounds that inhibited TrG6PD between 40% and 

100% at 20 μΜ were subjected to dose-response for IC50 determination. Those compounds 

with IC50 values of 0.48<IC50<32 μM were grouped into two chemical categories: 

thienopyrimidines 9 and quinazolinones 10 (Figure 4).

SAR studies with the thienopyrimidines 9 revealed that the amido group at the C6 position 

of the core was required for the expression of inhibitory activity and long chain hydrophobic 

aliphatic substituents at the N-3 position are required in order to observe inhibitory activity 

in the low micromolar range. Compound 9a was found to be the most potent inhibitor 

with an IC50 of 4.9 ± 0.5 μM. The replacement of the long chains with shorter or more 

hydrophilic chains reduced the potency.

Regarding the second class, quinazolinones 10, it was shown that the carbonyl at C5 

was essential for inhibitory activity. The presence of the methyl group at C4 increased 

selectivity toward TrG6PD and it should be noted that the most potent compound in 

this series, quinazolinone 10a, (IC50: 0.48 ± 0.05 μM) lacked the methyl group (R2 = H 

instead of CH3), highlighting that potency does not guarantee selectivity. The presence of 

bulky substituents R3/R4 at C7 of the nucleus proved detrimental for inhibitory activity, 

resulting in a dramatic increase in the IC50 values. Finally, the SAR analysis for C2 of the 

quinazolinone ring implied that the amine attached at that position can either be an aniline 

(a weakly basic, electron deficient, nitrogen atom) or a piperazine (a more basic, electron 

rich nitrogen atom). Notably, the piperazine linker between the quinazolinone moiety and 

the aromatic ring in 10b delivered a highly selective compound for TrG6PD over hG6PD 

(IC50: 0.61 ± 0.05 vs. >80 μΜ, respectively).

The most potent compounds from each category are uncompetitive, reversible inhibitors of 

TrG6PD, as was the case for all steroidal TrG6PD inhibitors (Figure 4). In addition, these 

compounds compete with 2 for binding to the target enzyme, suggesting that non-steroidal 

and steroidal compounds are binding to the same region in TrG6PD.45–46
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The authors used these compounds in tests with epimastigote forms of T. cruzi, Y strain, 

and classified the compounds in accordance with the percentage of remaining viable cells. 

Although thienopyrimidine 9a was the most active against recombinant TrG6PD, it had no 

effect on cell viability. The most active compounds in the viability assay stemmed from the 

quinazolinone class, with 10a being the most active in the in vitro biochemical assay and 

exhibiting comparable activity to benznidazole (8.5 ± 1.5 μΜ for 10a, 10 ± 0.8 μΜ for 

benznidazole) against epimastigotes T.cruzi. Other quinazolinones bearing a methyl group at 

C4 (R2 = CH3) and a para-fluoro (R1 = F) or a meta-methyl (R1 = CH3) substituent on the 

aniline exhibited even lower EC50 values than benznidazole in the viability assay, providing 

an anchor for the development of potential trypanocidal agents. Thienopyrimidines 9 have 

a pyrimidinone moiety whereas quinazolinones 10 have a pyrimidine heterocycle as part of 

their scaffold, suggesting that the pyrimidine nitrogens in both cases may play a role in the 

pharmacophoric interactions with the target. However, the presence of the primary amide 

group in thienopyrimidines confers significant polarity to the molecules. This indicates that 

the thienopyrimidine series requires further optimization, most likely via the introduction of 

lipophilic substituents on the amido nitrogen to achieve translatable activity from in vitro to 

in vivo assays.

Although co-crystal structures for human or trypanosomal G6PD with an inhibitor bound 

do not exist, the crystal structures of both, including substrates and co-factors, allow for 

comparison between the two and can guide drug discovery efforts (Figure 5). Both hG6PD 

(PDB ID 2BH9) and TrG6PD (PDB ID 5AQ1) have a catalytic site for the substrate (G6P) 

and co-factor (NADP+). However, only the mammalian hG6PD has an additional NADP+-

binding site, known as the structural or allosteric NADP+-binding site, which determines 

long term protein stability and structural integrity of the enzyme.

By overlaying hG6PD and TrG6PD crystal structures, we show the point-by-point amino 

acid comparison for each G6PD species, with emphasis placed on ligand-binding sites. 

There are three key differences between the two that can be exploited for selectivity of one 

over the other. Two are found at the structural NADP+-binding site. At this site, Arg487 

in hG6PD is replaced by Cys528 in TrG6PD. An antimalarial compound that covalently 

interacts with the TrG6PD cysteine may allow for selectivity between the human and 

Trypanosoma G6PD. In addition, Lys366 in hG6PD is Leu409 in TrG6PD, thus in the latter 

case, the interactions between an envisioned inhibitor and that residue would be limited to 

hydrophobic. Thus, Cys528 and Leu409 found in Trypanosoma can be exploited as targets 

for cross-linking with small molecules or hydrophobic interactions, respectively.

The third difference between the two structures is at the catalytic NADP+-binding site; 

Tyr147 in hG6PD is Phe191 in TrG6PD. Although both residues are aromatic, their 

orientation is almost perpendicular to each other. A plausible explanation is that the phenolic 

OH from Tyr147 acts as a H-bond donor toward the OH of the ribose (H-bond acceptor) 

attached to the pyridinium ring of the co-factor (NADP+). This structural difference has the 

potential to be considered for the design of competitive NADP+ inhibitors selective for each 

species. Regarding the catalytic G6P site, it is nearly identical between each species and 

selective competitive inhibitors for G6P is less likely.
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Another parasite for which non-steroidal G6PD inhibitors have been developed is P. 

falciparum, the parasite that causes malaria. Different from the hG6PD, P. falciparum 
contains a bifunctional chimeric enzyme, composed of both G6PD and 6-phosphoglucono-

δ-lactonase (6PGLase), (PfGluPho), which together catalyze the first and second step of 

the PPP (Figure 1).47–48 The amino acid sequence for 6PGLases is well conserved across 

species;49 however, the G6PD sequence has a 62 residue insertion at the N-terminus relative 

to hG6PD, and this insertion is conserved in other Plasmodium species.47–50 This conserved 

sequence, present only in the parasite, can potentially be used for the discovery of selective 

antimalarial drugs. However, the C-terminus of PfGluPho is homologous to the other 

G6PDs, which may present a challenge for drug discovery.

The Bode group used a library screen to identify new antimalarial agents that inhibit 

PfGluPho.51 Four major classes of commercially available compounds were identified based 

on their core: pyrimidinones 11, quinazolinones 12, chromenones 13, and sulfonamides 14 
(Table 1). Pyrimidinetriones 11a-c (pyrimidinedione 11d) and quinazolinones 12a-b showed 

appreciable inhibitory activity toward recombinant PfGluPho [IC50 range: (4.5 ± 1.6)-(19.9 

± 7.2) μM]. In in vitro P. falciparum culture assays (3D7 strain), chromenone 13a and 

sulfonamides 14a-b suppressed the viability of the parasite with IC50 values ranging from 

(0.97 ± 0.15)-(5.3 ± 2) μM. The same compounds also inhibited recombinant PfGluPho, 

with 13a being at least a 10-fold more potent inhibitor compared to 14a-b in the biochemical 

assay (Table 1).

To assess time-dependence and reversibility, the authors measured different IC50 values 

following the protocol of: 1 h pre-incubation and 1 h post-dilution (1:1), 1 h preincubation 

and 0 h post-dilution (1:0), and 0 h pre-incubation and 0 h post-dilution (0:0). The last 

experimental arrangement corresponds to the control experiment. If there was a decrease 

in the IC50 value after pre-incubation (1:0) compared to the control (0:0), the inhibition 

occurred in a time-dependent manner. If there was a decrease in the IC50 value after 

pre-incubation and post-dilution (1:1) compared to the control (0:0), the inhibition was 

irreversible. If the IC50 value remained the same after pre-incubation and post-dilution, the 

inhibition was reversible.

Compound 13a had an IC50 value of (1.1 ± 0.4)-(1.5 ± 0.4) μM regardless of whether it 

was subject to pre-incubation or post-dilution conditions. Similarly, for 14a and 14b, the 

IC50 values were >30 μM regardless of whether or not the compound was pre-incubated 

with the PfGluPho enzyme. After post-dilution, the IC50 for 14a decreased to 22 ± 8 μM 

but remained unchanged for 14b. Regarding translatability, the most potent compounds 

identified in the biochemical assay did not suppress the viability of the Plasmodium. 

This may reflect chemical or enzymatic instability of the compound; the duration of the 

biochemical assay was 20–30 min whereas the in vitro assay with Plasmodium culture (3D7 

strain) was 72 h.

All of these PfGluPho inhibitors exhibit mixed kinetics for inhibition of G6P and are non-

competitive or competitive with NADP+. Reversibility of inhibition was observed for 11c 
and 11d since the IC50 values were recovered after post-dilution (Table 1). Compounds 12a 
and 12b exhibited mixed-type of inhibition of G6P and were non-competitive with NADP+. 
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In addition, similar Ki values after post-dilution were obtained and these compounds were 

found to be irreversible inhibitors. Notably, 12a and 12b lack functionalities with which they 

would covalently bind to the target.

As was the case for trypanosomiasis, the above compounds were tested for selectivity using 

the recombinant hG6PD; only 13a was more potent toward PfGluPho (Table 1), regardless 

of pre- and post-dilution times (IC50 values: 1.1 ± 0.4 or 1.5 ± 0.4 μM for PfGluPho and 

2.2 ± 0.7 or 2.6 ± 0.7 μM for hG6PD). Moreover, when both human cells and the parasite 

species were present in the culture, compound 13a demonstrated an enhanced inhibitory 

activity on parasitic growth, with IC50 values in the low μΜ range (IC50 = 0.97 ± 0.15 

μM) (Table 1). In contrast, compounds 14a and 14b inhibited recombinant hG6PD in a 

time-dependent manner; the IC50 value fell from >30 μM to 0.4 ± 0.0 and 0.6 ± 0.0 μM, 

respectively, after pre-incubation. In addition, these values remained in the same range 

after post-dilution, suggesting irreversibility of inhibition. Although these latter compounds 

targeted the G6PD element of Plasmodium PfGluPho, species selectivity was not observed.

Of the four categories of compounds 11–14 presented in Table 1, classes 12 and 13 are 

less promiscuous and, therefore, present as the preferred vehicles to consider for “hit to 

lead” optimization. The promiscuity of compounds 11 lies in their functionality which 

presents Michael acceptors that are activated by two carbonyl moieties (vide infra). The 

scaffold of pyrimidine-2,4,6(1H,3H,5H)-trione is present in barbiturates and this structural 

feature may cause off-target effects; barbiturates elicit their sedative effect by acting 

on GABAA receptors in the mammalian central nervous system. However, what renders 

barbiturates active is the appropriate substitution at the carbon between the two carbonyl 

functionalities.52 In the projected structures 11a-c (Figure 6), that carbon is substituted with 

an alkylidene moiety and, therefore, the resulting acrylamide moiety renders the molecules 

as potential Michael acceptors. Upon exposure to GSH or cysteine, compounds of type 15 
can be obtained, suggesting the potential to react with cysteines present in G6PD. GSH 

cellular concentrations range from 0.1 to 10 mM,53–54 a range that ensures the presence of 

sufficient GSH even if minor portions of it are depleted by Michael acceptors. Regarding 

class 14, the presence of the p-aminophenol skeleton poses the risk for oxidation to the 

corresponding sulfonated parabenzoquinone imines 16. These benzoquinone imines 16 are 

potent Michael acceptors and can be captured by thiolates to deliver products 17. This 

is the pathway observed for paracetamol metabolism and rationalizes the administration 

of N-acetylcysteine as an antidote in case of paracetamol poisoning. N-acetylcysteine can 

be converted into cysteine in the blood. Thus, it can provide a cysteine source for GSH 

biosynthesis or the liberated cysteine directly cross-couple with N-acetyl-p-benzoquinone 

imine which is the metabolite of paracetamol.55

In a study focusing on the chemical genetics of P. falciparum, 18 (ChemDiv: C276–1187) 

and 19 (ChemDiv: D052–0147) (Figure 7a) were shown to selectively target the 6PGLase 

part in PhGluPho.56 Compound 18 is a quinolinone (shown in blue, Figure 7a), which is 

structurally similar to the quinazolinone chemotype 10 (Figure 4, Table 1). However, it was 

later shown that 18 inhibited both PfGluPho and hG6PD, as did the above compounds.57 

Regarding its chemical reactivity, 18 is an enaminone and, thus, its properties as a Michael 

acceptor are attenuated.
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In contrast to compounds 11, 14 (once oxidized to 16, Figure 6) and 18, which are prone to 

undergoing two-electron transfer reactions with intracellular components, 19 is a structural 

alert for a single electron transfer reaction.58 Concerns surrounding this structural alert 

problem may explain the absence of follow up studies with 19. Specifically, after reduction 

intermediate 20 transfers a single electron to molecular oxygen to form superoxide ion 

(O2
−●) and the radical intermediate 21 (Figure 7b). Intermediate 21 is oxidized back to 

19 with concomitant release of hydrogen peroxide (H2O2). This redox cycling activity 

is characteristic of pyrimidinetriazinediones (PTDs); other examples include toxoflavin 

22 and 2-methyl-fervenulone 23. A necessity for these reactions to occur in vitro is 

the presence of strong reducing agents in the buffers, such as dithiothreitol (DTT) or 

tris(2-carboxyethyl)phosphine.59 Assays to evaluate such reactivity include measurement 

of released hydrogen peroxide in vitro and ATP depletion in cells. Assays based on the 

fluorescent signal of resorufin have been employed for the segregation of well-performing 

caspase-8 and cathepsin L inhibitors from false-positive hits.60

A strategy to circumvent this activity upon SAR optimization is to replace the PDT 

nitrogen atom of the triazine core, which is reduced prior to the generation of the radical 

intermediates, with a carbon atom (compounds of type 24, Figure 7c). In that case the 

triazine ring is replaced by a pyridazine ring.

The most successful study identifying a selective PfGluPho small molecule inhibitor was 

that conducted by the Bode group.61 Starting with a HTS campaign that evaluated 350,000 

compounds at a concentration of 20 μΜ, a promising cluster of benzothiazinone derivatives 

was identified, with five leading to further SAR studies. In all assays, hG6PD was used as a 

counter-assay to ensure specificity for PfGluPho. Essential structural features for inhibitory 

activity toward PfGluPho included: 1) a basic alkylamine as part of the side chain of 

the amide; 2) an unsubstituted nitrogen of the benzothiazinone ring; and 3) an unaltered 

sulfur on the benzothiazinone ring (Figure 8). A series of analogues was synthesized that 

included substituent variation on the styryl ring and the amido nitrogen. Further SAR 

on the styryl ring substituents did not lead to a dramatic shift in inhibitory potency; 

however, the styryl ring was a necessity for inhibitory activity. 2-Aminomethyl pyrrolidine 

substituents on the amido nitrogen increased the potency. Stereochemical evaluation of the 

2-aminomethyl pyrrolidines showed that the (R)-enantiomer was 8-fold higher in potency 

than the (S)-enantiomer, delivering 25 as the most potent of all of the analogues studied 

(IC50: 0.9 ± 0.0 μΜ), and was specific for PfGluPhO. It exhibited mixed inhibition kinetics 

with NADP+ but was competitive with G6P. Given that 25 bears the Michael accepting 

acrylamide moiety, the authors prudently performed a GSH-based assay to measure levels 

of remaining compound upon exposure to GSH. The data showed that the levels of 25 
remained intact upon exposure to GSH (ethacrynic acid was used as positive control). 

According to the protocol used, the ratio of [compound]:[GSH] was 1:5 and the final GSH 

concentration was 50 μΜ. The concentration ratio is a fixed ratio and does not reflect the 

ratio observed once the drug is internalized in the cell in all cases. The value of 50 μΜ 
for GSH concentration is much lower than the concentration range observed in the cytosol 

in cells (0.1–2 mM in most cell types, 10 mM in hepatocytes).53–54 Indeed, if 25 remains 

intact in the presence of a five-fold excess of GSH, the conjecture is that its levels will be 
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not be perturbed in the presence of GSH in cellular or in in vivo studies. When bioactive 

compounds are Michael acceptors, a GSH-based assay is essential, as it determines their 

potential for further drug development, a general strategy for consideration in the field of 

covalent inhibitors in medicinal chemistry.62–63

Compound 25 was subjected to in vitro pharmacological studies to evaluate absorption, 

distribution, metabolism, excretion, and toxicity (ADMET). Compound 25 was highly 

permeable across artificial models of cell membranes. The presence of the amino groups 

allows for its protonation in the low pH environment of the stomach, contributing to its 

solubility. However, only the free base can be subsequently absorbed. A parallel artificial 

membrane model assay (PAMPA) was used to show its high permeability under conditions 

of increased pH in the donor compartment. Membrane models resembling the blood-brain 

barrier (BBB) were used to demonstrate high permeability. In addition, 25 was shown 

to be highly plasma protein bound which will influence the brain bioavailability of the 

compound. An assay using Fa2N-4 immortalized human hepatocytes was performed to 

show that 25 is not toxic under these conditions. Compound 25 was further evaluated in P. 

falciparum cultures in vitro using chloroquine-sensitive (3D7 strain, IC50: 2.3 ± 0.2 μΜ) and 

chloroquine-resistant (Dd2 strain, ΙC50: 3.7 ± 0.9 μM) strains. The same group performed 

studies in parasitic cultures in previous studies.51

In contrast to the Trypanosoma parasite, there are no G6PD crystal structures available 

for any of the Plasmodium species. However, Alencar et al., used the hG6PD structure 

to build a homology model for PfGluPho.64 A key difference between hG6PD and 

PfGluPho was the replacement of Arg365 (hG6PD) with Asp370 (PfGluPho). Given that 

25 exhibits competitive inhibition for substrate G6P in biochemical assays and was selective 

for PfGluPho, the authors docked 25 in the G6P binding site of PfGluPho, which was 

superimposed to the hG6PD crystal structure (PDB ID 2BHL) with G6P bound. This led the 

authors to synthesize a series of G6P analogues.

Given that 25 is a competitive inhibitor of G6P and against the backdrop of the 

Arg365→Asp370 mutation, the authors hypothesized that the protonated amino group of 25 
interacts with Asp370, an interaction that they illustrated by docking it in the G6P binding 

site. Building further on this hypothesis and focusing on G6P, the authors envisioned, 

synthesized, and evaluated a series of G6P analogues. In these G6P analogues, the phosphate 

group at C6 was replaced by a thioether (26) or groups acting as hydrogen bond donors 

or acceptors, including sulfones 27 and sulfonamides 28. In addition, a terminal amino, 

cyano or guanidino group was placed after the interjection of an alkyl chain. The alkyl chain 

filled the empty space between what would be Arg365 (hG6PD) to the existing Asp370 

(PfGluPho) whereas the protonated amino or guanidino groups were projected to form ionic 

interactions with the carboxylate moiety of Asp370 (Figure 9).

In vitro evaluation of the compounds showed that indeed compounds bearing either the 

amino or guanidino group (26a, 26c, 28a, n = 1, Figure 9) had higher affinity for PfGluPho 

compared to the compounds with the cyano group. In addition, based on the SI measured 

for the Ki for G6P [SI: ratio Ki hG6PD/Ki PfGluPho], the same compounds were more 

selective for PfGluPho. Notably, 26a exhibited 26-fold selectivity for PfGluPho compared 
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to hG6PD. The internal substitution at C6 also affects affinity, with the compounds 

bearing sulfonamides showing the highest affinity and thioethers the lowest (28a>27a>26a, 

28b>27b>26c).

Despite the broad therapeutic index for a few of these compounds, the IC50 values obtained 

from treatment of parasitic cultures were in the range of sub- to low millimolar, presumably 

owing to the high polarity of the compounds as sugar analogues. The compounds were also 

tested in the human hepatoma HepG2 cell line at a concentration ranging from 0.2 to 2 mM. 

Even at the highest concentration of 2 mM, none of the compounds impacted cell viability 

by more than 30%.

Another avenue of research would be to develop small molecules which are not analogues 

of G6P but are based on the projected pharmacophore between 25 and the PfGluPho; 

non-glucoside molecules may have an enhanced profile in the phenotypic assays due to their 

greater lipophilic character. Nonetheless, the authors projected a potential pharmacophoric 

interaction of 25 with the target and a plausible rationale for its selectivity toward PfGluPhO 

compared to hG6PD. Overall, the data for the non-glucosidic 25 and glucosidic analogues 

26–28 provide an anchor for their optimization or even for de novo design of other 

analogues.

GSSG, the oxidized form of GSH, inhibits PfGluPho.57 Both the G6PD and 6PGLase 

domains of PhGluPho were inhibited as a function of S-glutathionylation of cysteine 

residues present in both domains. Except for Cys144, all of other cysteines reside in 

the G6PD domain of PfGluPho. In contrast, GSH (the reduced form of GSSG) and 

DTT increases the activity of the G6PD enzyme, but not the 6PGLase. DTT reverses 

the inhibition caused by S-glutathionylation of PhGluPho, indicating that the inhibition 

is reversible. Regarding the respective enzymes in humans (hG6PD and h6PGLase), it 

was shown that only h6PGLase was inhibited by GSSG. A plausible explanation for this 

phenomenon is that the PfGluPho has a region which is very similar to the GSH-binding 

site in GSH transferase.47 This discrepancy in effect of GSSG suggests that it is a selective 

inhibitor of the G6PD domain of PhGluPho and hG6PD, and it could be considered as a 

potential therapeutic. However, as a hexapeptide, it is susceptible to proteolytic degradation 

when delivered into the blood. Notably, the monomeric GSH is not susceptible to peptidases/

proteases, compared to other peptides, because the peptide bond between the glutamate 

and the amino group of cysteine is formed at the γ-COOH instead of α-COOH. However, 

this bond can only be hydrolyzed by γ-glutamyltranspeptidase.65 This resistance may prove 

beneficial for GSSG delivery but may need additional optimization. As well as being a 

peptide, GSSG is a disulfide and, thus, it can participate in thiol exchange reactions with off-

target free cysteines.66 This poses a second limitation for its consideration as a therapeutic 

agent. The sequence difference identified recently between the human (Arg) and the parasite 

(Glu) has allowed for the design of scaffolds, using molecular modeling methods, which 

selectively inhibit PhGluPho.67 The authors reported that they are currently examining how 

to capitalize on this information.

In addition to S-glutathionylation, S-nitrosation mediated by nitrosated GSH is another 

modification that can inhibit the activity of the enzyme. In contrast to what was shown in the 
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previous work by Jortzik et al., Haeussler et al. showed that the G6PD part of PfGluPho and 

PvGluPho (Pv: Plasmodium vivax, P. vivax) are hardly affected by these post-translational 

modifications, with S-nitrosation leading to only minor changes in enzyme activity.68

As well as examining the effect of these post-translational modifications on enzymatic 

activity, the authors determined the effect of amino acid substitution of the PfGluPho 

sequence on activity. Three of these mutations are naturally occurring within the PfGluPho 

gene (S315Y, L395F, F507L) whereas two of them included serine substitution at positions 

899 and 900 to examine effect of phosphorylation, another post-translational modification, 

on enzymatic activity. Interestingly, these substitutions have minimal effects on enzymatic 

activity and substrate affinities compared to wild-type PfGluPho. Notably the double serine 

sequence at positions of 899–900 is specific and highly conserved to Plasmodium species. 

Taking advantage of the differences in amino acid residues across different species (parasitic 

vs. human) through protein engineering, may be a strategy for developing selective chemical 

probes for a given species, as was the case for 25. This strategy is known as site-directed 

drug discovery.69

In addition to 25, which selectively inhibits PfGluPho over hG6PD, 29 had the same 

selectivity profile for PfGluPho, was even more potent (IC50: ~190 nM)70 and was also 

potent against PvG6PD (IC50: 15.3 ± 0.9 μM) (Figure 10).68 This study highlights the 

importance of achieving two aims at once: the discovery of a compound selective for 

the G6PD belonging to different genera (Plasmodium vs. human) and the possibility of 

one compound to be efficacious across the species of the same genus (P. falciparum 
and P. vivax). Superimposition of 25 and 29 validates the stringent requirement for the 

(R)-stereochemistry on the side chain of amido nitrogen (Figure 10). The benzothiazinone 

ring has been expanded by one carbon to benzothiazepinone in 29 and fused with the 

aromatic ring instead of being connected with it via an alkylidene bridge as in 25. This 

alters the relative orientation of the aromatic ring resulting in a more planar structure for 

25 and a folded arrangement between thiazepinone and the aromatic ring for 29. This 

second chemical probe validates the SAR and opens the road for further modifications 

in the benzothiazinone or benzothiazepinone ring. Since both compounds are competitive 

inhibitors for G6P, this can be guided by docking both at the substrate binding site and 

thoroughly examining the pharmacophore with G6PD.

Cancer

Except for 25 and 29, which showed promising selectivity, the lack of selectivity observed 

for the rest of the compounds between the parasitic and hG6PD has inspired research 

groups to shift their focus to hG6PD inhibitors which target cancer and inflammation. Bode 

and co-workers screened 50,000 compounds at a concentration of 5 μg/mL and identified 

107 that inhibit hG6PD by 50%.71 The five hG6PD inhibitors 12a-b, 14a, 30, 31 (Table 

2) demonstrated IC50 values of < 4 μΜ and were selected for follow up studies. Among 

these five compounds, four of them (12a-b, 14a, 31) were previously reported to inhibit 

PfGLuPho. In Table 2, we present the IC50 values for PfGluPho and hG6PD for comparison.
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Compounds 12a and 12b incorporate the common quinazolinone nucleus highlighted in 

blue. In a prior study by Bode, 12b was tested in both biochemical and parasitic assays but 

was found to be a potent inhibitor of PfGluPho only in the biochemical assay. The other 

three compounds 14a, 30, 31 are structural alerts, either because they may engage in redox 

cycling activity (14a) or act as a Michael acceptor (30 and 31 where the 1,4-conjugated 

moiety is shown in teal). Compound 14a can generate the phenoxy radical which can react 

with superoxide ion (as in Figure 7b) and be oxidized to a benzoquinone imine of type 16 
which is a Michael acceptor (Figure 6).

The forms of inhibition by these five compounds were then determined. Initial dose-

response experiments to calculate IC50 values, in which pre-incubation was used without 

post-dilution (to examine reversibility), placed 14a as the most potent inhibitor with an IC50 

of 0.4 ± 0.0 μM and 30 as the least potent inhibitor with an IC50 of 3.1 ± 0.8 μM (Table 

2). Inhibition of hG6PD by sulfonamide 14a was irreversible; its effect was not diminished 

following post-dilution.51 Furthermore, the IC50 was 100-fold lower after pre-incubation 

relative to no pre-incubation conditions. Compounds 12a, 12b and 31 are competitive 

inhibitors for G6P and showed a mixed type of inhibition for NADP+, with 31 showing both 

mixed type and non-competitive inhibition for NADP+. Compound 30 is also an inhibitor 

that is competitive for both G6P and NADP+. Notably, 12a and 12b inhibited hG6PD with 

a different kinetic signature compared to PfGluPho; for PfGluPho these inhibitors exhibited 

a mixed-type of inhibition with respect to G6P and were non-competitive with NADP+ (see 

under non-steroidal inhibitors, infectious diseases). This difference in inhibitory signature 

can serve as anchor to develop selective competitive inhibitors based on 12a and 12b for 

G6P for hG6PD.

Except for 12b, the remaining 4 compounds were tested in cell-based assays. Two cell 

lines were used: MCF10-A, used as a control, and the tumorigenic lMCF10-AT1 cell line. 

Compounds 12a, 30 and 31 had no effect on cell growth, with this being attributed to 

low membrane permeability or adhesion to other biomolecules. Sulfonamide 14a was the 

sole compound to demonstrate a measurable IC50 of 25 μΜ for the tumorigenic cell line 

compared to the >50 μΜ observed for the control cell line. This is another example where 

the GSH-based assay should have been performed,61 to validate that the inhibitory effect of 

14a is not due to direct reaction between 16 with thiolates from free cysteines via a Michael 

addition, as shown in Figure 6.

Up to this point, we have discussed the selectivity of the identified inhibitors for G6PD 

from different species. In the context of cancer, another selectivity issue to consider is 

the selectivity towards the malignant cells relative to healthy cells. For these inhibitors 

to be further developed as anticancer agents, they must selectively act on malignant cells 

otherwise there is a risk of triggering hemolytic anemia to subjects. There are several means 

to improve such selectivity, including nano-formulation-based delivery using either passive 

targeting, which relies on the enhanced retention and permeability of cancerous tissues, 

or active targeting.72 Active targeting employs the functionalization of the nanoparticles 

surface for targeted delivery to the desired tissue.
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In addition to targeting G6PD in humans for the treatment of cancer, another enzyme which 

is distinct from the cytosolic G6PD is hexose-6-phosphate dehydrogenase (H6PD). H6PD 

resides in the endoplasmic reticulum and catalyzes both the first and second step observed 

in the PPP; that is the conversion of G6P to 6-phosophogluconate (6PG) (Figure 1).73 Like 

PfGluPho, H6PD contains a fusion protein of G6PD and 6PGLase. It is found predominantly 

in the liver and other tissues, but it is absent in red blood cells. It shares homology with 

hG6PD, is dimeric, and uses a different pool of NADP+ as a cofactor compared to the 

cytosolic variant.74–76 It was recently shown that H6PD plays an important role in breast and 

lung cancer by genetic inhibition77 and, thereby, it can be considered for modulation using 

small molecules. Given that H6PD is absent in red blood cells, selective small molecule 

inhibitors for H6PD over hG6PD are compelling in that they will not cause hemolytic crises. 

However, the need for selective targeting of cancerous over healthy cells in all other tissues 

remains.

Inflammation

The work of Cordeiro44 that led to the identification of TrG6PD inhibitors served as an 

inspiration for the discovery of a hG6PD inhibitor by the Rabinowitz group.78 This hG6PD 

inhibitor, G6PDi (32) (Figure 11), reduced NADPH levels in a variety of immune cell 

types, including T-cells, macrophages, and neutrophils. This corresponded to a decrease in 

cytokine production and oxidative bursts, in T-lymphocytes and neutrophils, respectively, 

revealing a role for G6PD in immune cells. G6PD is critical for normal immune cell 

function.79 G6PD and the PPP have been associated with neuroinflammation,80 and adipose 

tissue inflammation in obesity,81 suggesting G6PD is a viable target for pathological 

inflammation.

In the context of drug discovery, 32 is an analogue of the quinazolinone 10c (Figure 

11), which was previously identified as a trypansomal G6PD inhibitor,44 and extensive 

chemistry optimization effort by Rabinowitz et al. resulted in the G6PD inhibitor 32 (Figure 

11). The 3-methylaniline in 10c was replaced by a 2-cyano-4-aminothiophene, while the 

cyclohexanone moiety has been replaced by cycloheptanone. Notably, the replacement of 2-

cyano-4-aminothiophene by 3-aminobenzonitrile led to 33, which had no effect on immune 

cells. Thus, 33 was used as a negative control in the studies. Compounds 32 and 33 differ 

in their 3D shape as shown by the structural overlay depicted in Figure 11. In addition, the 

substitution of H with a CH3 on the nitrogen atom between the heterocycle and phenyl rings 

diminishes the hydrogen bond donating features in 33. Therefore, even minimal structural 

changes can lead to dramatic activity shifts. In addition to the shift observed for species 

selectivity between 10c and 32, there was a shift in MOI. Although both agents exhibited 

reversible type of inhibition in the dilution assays, 10c was shown to be uncompetitive for 

TrG6PD whereas 32 non-competitive for hG6PD. On the contrary, in the case of 12a and 

12b, replacement of the methoxy group by a bromine and the benzene by a pyridine ring did 

not alter the selectivity for hG6PD over parasitic G6PD but 12b was found to be more potent 

than 12a for each species (Figure 11 & Table 2). In addition, the MOI was different for each 

species, as already addressed in this perspective. Overall, the preference for hG6PD informs 

SAR for the “hit to lead” phase to improve both preference and pharmacological effect.
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The non-androgenic quinazolinones are a frequently encountered scaffold; they are found in 

inhibitors of inflammasomes associated with diabetes, cardiovascular and neurodegenerative 

diseases.82–83 The quinazolinones also have anticancer agents, due to their inhibitory effects 

on inflammasomes formation82–83 and tubulin polymerization.84–85 Recently quinazolinones 

were found to be inhibitors of epoxide hydrolase, an enzyme targeted for blood pressure 

reduction, insulin sensitivity improvement and inflammation decrease.86 Such a broad scope 

of applications suggests lower selectivity toward G6PD.

The work of Ramírez-Nava et al. identified four non-quinazolinone compounds with 

moderate inhibitory activity toward hG6PD.87 Initial HTS led to 55 candidate compounds, 

four of which inhibited hG6PD activity by 40% at a concentration of 400 μΜ (Figure 12a). 

Two of the four compounds, 34a and 34b, are homologues that contain a biphenyl ring and 

a phenylalkanoic group. The other two compounds, 35a and 35b, differ in the substitution 

of the aromatic ring (chloro for 35a vs butoxy ring for 35b). Although they share the 2-

nitrothiazole ring with anti-protozoal nitazoxanide 35, nitazoxanide 35 does not act through 

G6PD inhibition. In addition, the bridge between the headgroups in compounds 35a and 35b 
is a urea whereas in nitazoxanide the linker is an amide bond, a difference which impacts 

the 3D shape between them (Figure 12a). For all three compounds 35, 35a, and 35b, the 

preferred conformation would be anticipated to involve the carbonyl oxygen from the amide 

or urea being oriented toward the sulfur of the nitrothiazole. As such, the non-bonding lone 

pair of the oxygen is able to engage with the σ* antibonding orbital of sulfur, an interaction 

which confers stability to the system (Figure 12b).88 This non-covalent interaction between 

sulfur and oxygen can be considered when further designing and optimizing drugs carrying 

this motif. Dose-response experiments showed that 35a had the greatest inhibitory activity 

among the four compounds toward the recombinant hG6PD (IC50 = 121 μΜ). Despite the 

structural similarities for the compound pairs of type 34 and 35, the type of inhibition varied. 

Compounds 34a, 34b, and 35b are non-competitive or uncompetitive inhibitors with respect 

to both G6P and NADP+, whereas the most potent compound, 35a, is a non-competitive 

inhibitor with respect to G6P and an uncompetitive inhibitor with respect to NADP+. These 

differences in mechanism of inhibition suggest differences in the amino acids with which 

each of these compounds interact.

The study of Ramírez-Nava et al. also included molecular docking experiments. Although 

the projected inhibitors are weak, this is the first example of an in silico study in the 

history of non-steroidal G6PD inhibitors. For steroidal inhibitors, in silico studies of 6 
and its analogues provided support for the selective effect of these compounds on the 

trypanosomal over hG6PD,89–90 a trend observed by the group of Cordeiro in biochemical 

and cell-based assays. Using a blind docking protocol, Ramírez-Nava et al. the ΔG free 

energies are consistent with the biochemical activities and suggested that the docking site 

for the compounds was either close to the catalytic or structural NADP+, or near the 

binding of G6P. Compound 35a, which was the most potent in the biochemical assays, 

had a ΔG of −6.91 kcal/mol at the structural NADP+ site, which was slightly higher 

when compared to the site near the G6P-binding site (-7.51 kcal/mol). However, it was 

considered more likely for inhibitor 35a to enter the structural NADP+ region as it interacts 

with five out of the twelve amino acid residues involved in the binding of the structural 
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NADP+, despite the higher ΔG observed for this binding. Such compounds that interact 

with the structural NADP+ are important for selective inhibitory activity on hG6PD, as the 

structural NADP+ site is absent in other dehydrogenases or parasitic G6PDs. Such in silico 
docking information by Ramírez-Nava et al. now provides potential grid boxes for future 

computational studies, as opposed to blind docking where the whole target represents the 

grid box.

A remarkable transition from steroidal to non-steroidal small molecules was the discovery 

of tamoxifen. The synthetic form of estradiol (36) is diethylstilbestrol (DES 37), a derivative 

of trans-stilbene (Figure 13). The two phenolic oxygens in 37 are disposed at the same 

distance that phenolic oxygen at C3 and the hydroxy group at C17 exist in 36 and, like the 

prototype, 37 is an agonist.91 This SAR subtended a rational approach for transitioning from 

the steroidal 36 to non-steroidal 37 which, at that time, was conducted in the absence of 

co-crystal structures. Tamoxifen 38 is a selective estrogen receptor modulator that acts as 

an antagonist in breast cancer cells but acts as an agonist in the uterus.92–93 Both 37 and 

38 possess the trans-stilbene core and the original synthetic agonist served as a scaffold to 

envision antagonists. Agonists such as 37, stabilize helix 12 in the ligand binding domain 

and are fully engulfed in it. On the other hand, antagonists such as 38 that bear an additional 

bulky side chain cave into helices 3 and 11. This interjection prevents helix 12 in the 

receptor from adopting the agonist conformation and blocks recruitment of the coactivator 

to the ligand-binding site.94–95 Similarly, it is expected upon unveiling the pharmacophoric 

interactions between G6PD and 1 or 2 that more knowledge will be available to refine the 

structure of small molecules obtained from HTS. The fact that similar structures arose from 

different screening strategies and cause similar biological activities adds to the confidence 

for the observed SAR to date.

The groups of Hamilton32 and Cordeiro41 have shown that hydrogen bond donors at C3 of 

the steroids are essential, and studies by Hamilton support the contention that hydrogen 

bond acceptors are necessary at C17. These data bring the discovery of non-steroidal 

G6PD molecules in the same perspective as for the identification of synthetic, non-steroidal 

estradiol agonists and antagonists, where groups at C3 and C17 were retained as part of the 

pharmacophore in the non-steroidal analogues (Figure 13).

We discussed earlier the interactions of hG6PD with co-factors and substrates, based on 

existing co-crystal structures that were used, guide structure-based drug design. In addition, 

we have highlighted the existing small molecule inhibitors that incorporate structural alerts 

which render them potentially unattractive candidates for lead optimization. These structural 

alerts include, but are not limited to, Michael acceptors and redox-cycling compounds. For 

Michael acceptors, promiscuity would be of concern but there are many Michael acceptors 

that are quite selective for their targets. In structure-based drug design, such moieties can 

be exploited under the premise that molecular recognition has been achieved between the 

target and the ligand structure. Molecular recognition, a concept and principle encountered 

primarily in supramolecular chemistry,96 takes place via non-covalent interactions; these 

interactions are secondary interactions and assist with the localization of the drug in the 

target. Next, a Michael acceptor can be incorporated as a functional group for primary 

interaction to advance activity. Indeed, covalent drugs have gained ground in the recent 
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years,97–99 using this dual strategy of molecular recognition and incorporation of a highly 

reactive, yet discriminating, moiety. A notable successful example based on this strategy 

includes the allosteric KRAS inhibitor, AMG510 39, which has an acrylamide moiety 

acting as Michael acceptor, yet it reacts specifically with Cys12 of the KRAS binding 

pocket (Figure 14).100–101 This cysteine appears solely in mutated KRAS proteins present 

in cancerous cells and not in wild type KRAS (in wild type KRAS protein, position 12 is 

occupied by a glycine). Not only is pocket specificity achieved, but also selectivity between 

mutant and wild type isoforms, offering selectivity between cancerous and healthy cells, 

respectively.

Finally, although the crystal structure of the bacterial L. mesenteroides G6PD has been 

determined,30 no agents or small molecules targeting the bacterial G6PD have been 

developed. This approach could open the road for new anti-bacterial agents and replace the 

current antibiotics, whose major liability is the resistance development. Suffice is to mention 

that selectivity for the bacterial G6PD over hG6PD will be essential for such inhibitors to be 

considered as antibiotics.

Competitive G6PD Inhibitors for FBDD: Advantages and Disadvantages

In FBDD, the number of compounds which may be used for screening is in the range of a 

few thousands in contrast to HTS, where the number may reach many millions. Molecular 

weights of the compounds in FBDD are 150–200 Da and even millimolar affinities can 

prove useful in early stage of such a screen. Positive fragments need to then be grown 

(up to 500 Da) to optimize the compound and obtain nanomolar affinity. The translation 

of the fragment hit with weak affinities into the final drug lead can rely on in silico 
information (when crystal structure is available), but can achieved also in its absence.102 

Initial fragments can also be grown through tethering of the fragments to the protein-binding 

site. This method introduces a disulfide bond between the fragment and a cysteine in a 

protein to stabilize the interactions, with the cysteine introduced in the target protein near the 

presumed binding site via mutagenesis.69, 103

The above methodologies can be applied, for example, on 6-aminonicotinamide (6AN, 

40), which inhibits G6PD competitively and its molecular weight is 137.14 (Figure 15).104 

However, 40 is not specific for G6PD since it competes for the binding of NAD+ or NADP+ 

of other dehydrogenases. Both a highly specific screen and computational docking of this 

fragment can identify a specific and high affinity lead.

Advantages of FBDD include the use of a smaller library and therefore the ability to use a 

more complicated assay, which might not be suitable for HTS. Following fragment screen, 

bioisosteric replacement leads to molecules with the improved and desired properties that 

are to be characterized and confirmed by orthogonal assays. A second advantage to begin 

with FBDD is that as the medicinal chemistry campaign begins with a fragment, there is 

a better chance of generating a small enough molecule with the desired pharmacological 

features. A disadvantage for FBDD is the reduced chemical space that is searched. However, 

the number of possible compounds that can constructed from the original fragment is 

exponential, creating sufficient exploration of diverse chemical space. Another disadvantage 
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is the very weak interaction of the fragment with the target (Kd up to 5000 μM) requiring 

assays that are much more sensitive than those use in HTS. Although tethering, through 

disulfide bind to the target overcomes this limitation, it requires that all compounds in the 

fragment library to have a -SH group. It also requires quite extensive mutagenesis campaign 

of the target to identify the optimal cysteine mutant for the screen. Nevertheless, the lack of 

optimal and selective inhibitors for G6PD argues that more efforts in the field, including the 

use of FBDD should be employed.

Summary and Outlook

In this perspective, we discussed small molecules which have been discovered and optimized 

for G6PD inhibition in the context of cancer, infectious diseases, and inflammation. 

Candidate G6PD inhibitors can be classified into two major structural groups: steroidal 

and non-steroidal. Hamilton et al. and Cordeiro et al. presented their work on steroids with 

potential anticancer and trypanocidal activity, respectively. Their data suggest that hydrogen 

bond donors and acceptors at C3 and C17 of the steroids govern the SAR for potency and 

species selectivity. Despite the encouraging results regarding potency and species selectivity, 

the off-target androgenic effects pose a limitation for the development of these molecules as 

G6PD-targeting therapeutics.

In the case of non-steroidal small molecule G6PD inhibitors, the lack of species selectivity 

between the microorganism and hG6PD has served as an impetus for hit modification as 

an approach to the identification of species-selective G6PD antagonists. Three compounds 

stand out from the drug discovery efforts conducted to date and all are derived from HTS 

campaigns: the antimalarial compounds 25 and 29 and the anti-inflammatory agent 32. 

Notably, inhibitor 32 evolved from optimization of trypanocidal agents that were introduced 

by the Cordeiro group. Although all three of these compounds have reached a degree of 

translatability in cellular and in vivo studies, their use in the clinic has yet to occur.

Non-steroidal G6PD inhibitors have been studied in the context of cancer using both 

biochemical and cellular assays; however, the lead inhibitors are structural alerts for either 

being Michael acceptors or for their redox cycling activity. p-Aminophenols of type 14 
and PDT 19 are such examples. In addition, false positive hits can also stem from the 

conditions employed in biochemical assays; in the presence of super stoichiometric amounts 

of reductants and oxidants in buffer solutions, functional groups can be reduced or oxidized, 

respectively. Under physiological conditions these modifications would not occur. In cellular 

assays, enzyme metabolism and off-target cellular effects may account for false positive 

results. On the other hand, the polarity of the compounds and their consequent poor 

permeability creates a barrier for translation in cells or in in vivo studies and, thus, false 

negative results are obtained for in cellulo activity.

Regarding the structural alerts, there are in vitro assays that can evaluate the promiscuity 

of these ligands as Michael acceptors or redox cycling molecules; these assays measure the 

ability of the ligands to remain intact in the presence of free thiols, deplete GSH levels or 

produce H2O2, respectively. There are two solutions to address this substrate promiscuity 

during SAR optimization. The first one involves the structural modification in the part of 

the molecule responsible for reactivity (for example removal of the 1,4-conjugated system 

Koperniku et al. Page 19

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in Michael acceptors or replacement of the triazine ring with diazine in flavone derivatives). 

Contrastingly, in the second strategy a highly reactive site is intentionally embedded in the 

molecule; however, promiscuity will need to be attenuated by judicious decoration of a 

molecule such that it is recognized by a specific pocket in the target.

Non-selective competitive inhibitors that inhibit several NADP+-dependent dehydrogenases, 

such as 40, are also useful leads as they can provide a basis for in silico design, FBDD and 

medicinal chemistry efforts to increase their specificity for G6PD. The bar for selectivity is 

high in this case since there is already selectivity for a whole family of enzymes depending 

on the specific co-factor 6AN competes with (NADP+ or NAD+). For that, in the case 

of FBDD, highly sensitive assays are required as opposed to HTS drug discovery, where 

specificity is the major factor governing subsequent SAR optimization.

A general challenge in the reports on the efforts to generate G6PD inhibitors is that IC50 

and not Ki values are provided. IC50 values are useful for biological evaluation; however, 

the values depend on the concentration of the enzyme used in the assay and, therefore, does 

not allow a comparison across other studies. In contrast, Ki is an intrinsic parameter of 

each inhibitor; it depends on the equilibrium between the bound and unbound inhibitor, and, 

unlike IC50, it is independent of enzyme concentration. The shift from providing IC50 to Ki 

values is currently a practice but must become a mandate.

As the critical role of G6PD in a variety of human diseases becomes apparent, the field is 

now poised to address challenges and fill in gaps for the discovery of small molecule G6PD 

inhibitors. We anticipate this perspective will provide a platform to boost the discovery of 

target-and species-selective G6PD inhibitors for cancer, infectious diseases, inflammation, 

and other diseases in which G6PD plays a crucial role which is currently known or remains 

to be identified.
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ABBREVIATIONS

6PG 6-phosophogluconate

6PGL 6-phsopsoglucono-δ-lactone

6PGLase 6-phsopsoglucono-δ-lactonase

16-BrEA 16-bromoepiandrosterone

17BHDSD5 17-β-hydroxysteroid dehydrogenase 5

BBB blood-brain barrier

C competitive

Caco-2 colorectal adenocarcinoma cell line 2

DES diethylstilbestrol

DHEA dehydroepiandrosterone

DMF dimethylfumarate

DTT dithiothreitol

EA epiandrosterone
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Fa2N-4 immortalized human hepatocytes line

FBDD fragment-based drug discovery

GABAA gamma-amino-butyric acid-A

G6PD glucose-6-phosphate dehydrogenase

G6PDi glucose-6-phosphate dehydrogenase inhibitor

GSH glutathione

GSSG glutathione disulfide

h hour

H6PD hexose-6-phosphate dehydrogenase

H9C2 rat heart myocytes

HepG2 human hepatoma cells

HEK293T human embryonic kidney cell line expressing antigen T

hG6PD human glucose-6-phosphate dehydrogenase

h6PGLase human 6-phsopsoglucono-δ-lactonase

HSD3B2 3-β-hydroxysteroid dehydrogenase 2

hTERT human telomerase reverse transcriptase

HTS high-throughput screening

IC50 half maximal inhibitory concentration

IDH isocitrate dehydrogenase

Inc. incorporated

LD50 median lethal dose

M mixed-type

MCF10-A non-malignant breast epithelial cell line

MCF10-AT1 premalignant breast epithelial cell line

MOI modality of inhibition

NC non-competitive

NADP+ nicotinamide adenine dinucleotide phosphate

NADPH reduced nicotinamide adenine dinucleotide phosphate

PAMPA parallel artificial membrane permeability assay
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PDT pyrimidinetriazinedione

PfGluPho Plasmodium falciparum glucose-6-phosphate 

dehydrogenase 6-phosphogluconolactonase

P.falciparum Plasmodium falciparum

P.vivax Plasmodium vivax

PPP pentose phosphate pathway

SAR structure-activity relationship

SI selectivity index

R-5P ribose-5-phosphate

Ru-5-P ribulose-5-phosphate

ROS reactive oxygen species

T. cruzi Trypanosoma cruzi

TrG6PD trypanosomal glucose-6-phosphate dehydrogenase

vs. versus
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Figure 1. 
The Pentose Phosphate Pathway (PPP); implication in redox homeostasis and cell 

proliferation.
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Figure 2. 
DHEA 1, EA 2, and newer steroidal analogues as inhibitors of hG6PD and TrG6PD.

Koperniku et al. Page 31

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Derivatives of 6 as selective (7a-7b, selective for TrG6PD over hG6PD) and potent (7c, 

8a-c) steroidal inhibitors.
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Figure 4. 
Thienopyrimidine- and quinazoline-containing compounds of type 9 and 10: potent 

against recombinant TrG6PD; IC50 values and ranges come from measurements against 

recombinant TrG6PD.
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Figure 5. 
A. Overlay hG6PD (PDB ID: 2BH9) and TrG6PD (PDB ID: 5AQ1), grey for hG6PD and 

purple for TrG6PD; B. Overlay of the catalytic G6P site hG6PD-TrG6PD; C. Overlay of 

the structural NADP+ in hG6PD with respective region in TrG6PD lacking the structural 

NADP+. D. Overlay of the catalytic NADP+ site hG6PD-TrG6PD.
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Figure 6. 
Compounds of type 11 and 14 as promiscuous substrates for Michael addition.
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Figure 7. 
a. Commercially available 18 (C276–1187) and 19 (D052–0147) shown to inhibit 

P.falciparum; b. Pyrimidine triazinediones 19, 22, 23 lead to radical intermediates 21 and 

H2O2 release; c. Strategy of replacing triazine with pyridazine to prevent first reduction step 

shown in 7b.

Koperniku et al. Page 36

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Generic benzothiazinone ring, essential features for activity, SAR exploration and specific 

PfGluPho compound 25.
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Figure 9. 
Compounds 26–28, in vitro biochemical activity Ki for G6P, and proposed interactions of 

non-glucosidic compound 25 and glucosidic compounds 26–28 with Asp370.
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Figure 10. 
Compounds 25 (ML276) and compound 29 (ML304). 3D alignment performed with 

Schrödinger 2021–3, Maestro, using largest Bemis-Murcko scaffold. ML276 and ML304 

as taken from the original paper.
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Figure 11. 
Generic structures of non-steroidal G6PD inhibitors used in infectious diseases, 

inflammation, and cancer. Main core observed in all cases: quinazolinone. Ligand 

alignment performed with Schrödinger 2021–3, Maestro, using largest Bemis-Murcko 

scaffold. M: mixed-type, NC: non-competitive, C: competitive, MOI: modality of inhibition. 

Biorender.com was used in part for Figure 11.

Koperniku et al. Page 40

J Med Chem. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Biorender.com


Figure 12. 
a. Compounds 34a, 34, 35a, 35b showed inhibitory activity against hG6PD and used for 

blind molecular docking; Codes in parenthesis as taken from the original paper. Ligand 

alignment performed with Schrödinger 2021–3, Maestro, using largest Bemis-Murcko 

scaffold for 34a & 34b and sample reference 35a for 35a, 35b & 35; b. Preferred 

conformation of the nitro compounds 35, 35a & 35b: overlap of the non-bonding lone 

pair of oxygen with the σ* orbital of sulfur.
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Figure 13. 
Top: from estradiol (36) to DES (37) to tamoxifen (38); bottom; perspective for transition of 

steroidal 1, 2, 6 to non-steroidal analogues.
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Figure 14. 
AMG510 39, selective KRAS inhibitor for cancerous cells; designed for molecular 

recognition and for specific reaction with Cys12 in mutated malignant cells.
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Figure 15. 
6-Aminonicotinamide 40, a potential fragment for FBDD of competitive G6PD inhibitors.
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Table 1.

Structural classification of PfGluPho inhibitors identified by the Bode group; Numbers in parenthesis (as taken 

from the original paper).

Compounds Class 1
pyrimidinones 11

Class 2
quinazolinones 12

Class 3
chromenones 13

Class 4
sulfonamides 14

PfGluPho 
IC50 
(μΜ)

recomb.

PfGluPho 
IC50 
(μΜ)
cult.

11a (CB64) 19.9 ± 7.2 -

11b (CB62) 11.6 ± 1.0 -

11c (CB61) 5.1 ± 3.2 -

11d (CB22) 4.6 ± 2.4 -

12a 
(CB104) 7.6 ± 4.0 -

12b (CB70) 4.5 ± 1.6 -

13a 
(CB103) 1.5 ± 0.4 0.97 ± 

0.15
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Compounds Class 1
pyrimidinones 11

Class 2
quinazolinones 12

Class 3
chromenones 13

Class 4
sulfonamides 14

PfGluPho 
IC50 
(μΜ)

recomb.

PfGluPho 
IC50 
(μΜ)
cult.

14a (CB83) 22.0 ± 8.0 5.3 ± 2

14b (CB90) >30 3.9 ± 0.14
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Table 2.

Comparison of IC50 values for PfGluPho and hG6PD; shift of focus from antimalarial to anticancer agents by 

the Bode group; Numbers in parenthesis as taken from the original paper. For 14a 1: (w/ pre-incubation and 

post-dilution), 2: (only pre-incubation).

Compound Structure PfGluPho IC50 (μΜ) IC50 Comparison hG6PD IC50 (μΜ)

12a (CB104) 7.6 ± 4.0 > 3.0 ± 1.2

12b (CB70) 4.5 ± 1.6 > 2.6 ± 0.1

14a (CB83) 22.0 ± 0.8 > 0.2 ± 0.01 or 0.4 ± 0.02

30 (CB72) - 3.1 ± 0.8

31 (CB63) 1.7 ± 0.2 > 0.6 ± 0.0
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