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a1-Adrenoceptor agonist methoxamine inhibits base excision 
repair via inhibition of apurinic/apyrimidinic endonuclease 1 

(APE1)

ABSTRACT

Methoxamine (Mox) is a well-known α1-adrenoceptor ago-
nist, clinically used as a longer-acting analogue of epineph-
rine. 1R,2S-Mox (NRL001) has been also undergoing clini-
cal testing to increase the canal resting pressure in patients 
with bowel incontinence. Here we show, that Mox hydro-
chloride acts as an inhibitor of base excision repair (BER). 
The effect is mediated by the inhibition of apurinic/apy-
rimidinic endonuclease APE1. We link this observation to 
our previous report showing the biologically relevant effect 
of Mox on BER – prevention of converting oxidative DNA 
base damage to double-stranded breaks. We demonstrate 
that its effect is weaker, but still significant when compared 
to a known BER inhibitor methoxyamine (MX). We further 
determined Mox’s relative IC50 at 19 mmol L–1, demonstrat-
ing a significant effect of Mox on APE1 activity in clinically 
relevant concentrations.

Keywords: methoxamine, base excision repair, apurinic/
apyrimidinic endonuclease APE1, α1-adrenoceptor agonist

Methoxamine (Mox) became known originally in the 1960s for its inotropic effect 
mediated by α-adrenergic receptors in the ventricular myocardium (1). As a less potent but 
longer-acting analogue of phenylephrine (generic name Vasoxyl), it has been used as a 
peripheral vasoconstrictor (blood-pressure-increasing drug) during various surgeries, for 
example, to improve cognitive dysfunction and blood TNF α-levels during hip replace-
ment surgery in elderly patients (2, 3) or as nasal decongestant (4). Importantly, Mox was 
used in combination with atropine to maintain blood pressure in pregnant women under-
going cesarean delivery (5) in addition to ephedrine (6). Apart from these short-term treat-
ments, Mox has recently been tested in a clinical trial for its capability to increase the anal 
canal resting pressure in patients with bowel incontinence (7). Patients suffering from 
faecal incontinence are predetermined to long-term treatment and hence theoretical con-
tinuous Mox exposition. Therefore, the importance to investigate Mox’s off-target effects 
caused by involvement in other biological processes arises, stressing the consequences of 
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chronic application, but also due to unknown placental crossing and unclear lactation 
transfer the fetal influence of Mox shall be studied. We have previously reported that 
somewhat surprisingly Mox can prevent the formation of DNA double-stranded breaks (8) 
and increase mutant frequency (9) upon treatment of human embryonic stem cells with 
ionizing radiation. We attributed it to the ability of Mox to inhibit base excision repair 
(BER) similarly to methoxyamine (MX; here we ask the reader not to confuse methoxamine 
and methoxyamine, see Fig. 1). BER is an essential DNA repair mechanism found ubiqui-
tously in all cell types in the mammalian body and it is essential for correct early embry-
onic development (10). It is responsible for the repair of base lesions, one of the most com-
mon endogenous DNA damages occurring in the cells. While most of the enzymes and 
proteins participating in BER (e.g., specific glycosylases, polymerases and ligases) are 
redundant to a certain degree the apurinic/apyrimidinic endonuclease APE1 is unique. 
Some of the somatic cell types present very low BER activity usually due to low expression 
of one or more of the BER enzymes, e.g. low activity of BER in mouse liver due to low 
expression of polymerase β (11) and mouse brain limited by low expression of XRCC1 (12). 
Yet all these tissues present relatively high expression of APE1 (12).

BER has been shown to be highly active in germ cells of young mice (13) and also in 
human pluripotent stem cells (8). APE1 expression has been shown to play a central role in 
limiting the BER efficacy in old murine germ cells (13) and adapted human pluripotent 
stem cells (8). Increased APE1 expression was shown to confer resistance against mutagen-
esis in murine germ cells and its decrease seems to contribute to the parental age effect (14). 
We have also previously shown that a decrease in BER activity upon prolonged cultivation 
of human pluripotent stem cells is mediated by decreased expression of APE1 (8), which 
results in less DNA double-strand break release and detection (15) resulting in elevated 
mutant frequency (9).

In our previous report, we showed that Mox can prevent the conversion of the clus-
tered oxidative damage induced by ionizing radiation to double-stranded breaks by BER 
in human embryonic stem cells (8). Considering the wide range of biological processes 
regulated by APE1 and potentially long-term treatment of patients using Mox we consid-
ered it of utmost importance to decipher the effect of methoxamine in BER activity, namely 
inhibition of APE1 activity by Mox.

EXPERIMENTAL

APE1 inhibition assay

The in vitro APE1 activity assay was reconstituted as previously described (16–18) with 
modifications as follows. 1 unit of recombinant human APE1 (New England Biolabs, 
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Fig. 1. Chemical structure of: a) α1-adrenoreceptor agonist methoxamine (Mox), and b) known BER 
inhibitor methoxyamine (MX), which blocks apurinic/apyrimidinic sites against APE1 cleavage.
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M0282S) was used for each reaction in the reaction buffer. Fluorescently labelled double-
stranded oligomer (25 nmol L–1, Sigma Aldrich, labelled by fluorescein isothiocyanate 
(FITC) on 5´ end of sense strand) containing tetrahydrofuran (THF) was used as a substrate 
for the reaction (Table I).

Increasing concentrations of Mox (methoxamine hydrochloride; Sigma Aldrich, 
M6524) were used to test the relative IC50. Concentration ranged from 5 to 225 mmol L–1 of 
Mox. Methoxyamine (MX; methoxyamine hydrochloride; Sigma Aldrich, 226904), a previ-
ously described inhibitor of BER (19, 20) was used at a concentration of 8 mmol L–1 as a 
positive control for inhibition of APE1 activity. Reaction in a total volume of 10 µL contain-
ing APE buffer (New England Biolabs, supplied with APE1) was run at 37 °C for 1 h. The 
reaction was stopped by the addition of an equal volume of 1 % SDS and placed on ice. 
Samples were then placed at 95 °C for 20 min prior to loading onto 20 % polyacrylamide 
(40 % Acrylamide/Bis Solution, 19:1, Bio-Rad, 1610144) gel with 7 mol L–1 urea (Pentachemi
cals, 21420-31000). The gel was run at 100 V, 14 mA for 90 min in 0.5xTBE (0.05 mol L–1 
Tris-HCl, 0.05 mol L–1 boric acid, 1 mmol L–1 EDTA, pH 7.4) heated to 55 °C. Gels were 
visualized on FLA-9000 Station (FujiFilm, Life Science) using the LPB filter module and 
LD473 laser. The bands’ intensity was analyzed by ImageJ (Fiji) (21). Intensities of uncut 
versus cut oligomers were evaluated as % of substrate digestion. % of APE1 activity for all 
concentrations of inhibitors were calculated as ratios of substrate digestion in the presence 
or absence of inhibitor at a particular concentration. Inhibition constant relative IC50 
(concentration of inhibitor corresponding to the oligomer cleavage reaching 50 % between 
lower and upper plateau on the graph – maximum dose of inhibitor and no inhibitor, 
respectively) was calculated using AAT Bioquest Quest Graph™ IC50 Calculator (Retrieved 
from https://www.aatbio.com/tools/ic50-calculatoronline software, access date September 
23, 2020). 

RESULTS AND DISCUSSION

In order to decipher the effect of Mox we reconstituted the APE1 catalyzed endonucle-
ase reaction in vitro using double-stranded oligonucleotide carrying THF as apurinic/apy-
rimidinic site (AP) site analogue. The THF-containing oligonucleotide was labelled with 
FITC allowing for the detection of uncut oligonucleotide as well as the product of APE1-
mediated endonuclease reaction (Fig. 2). MX was used as a known inhibitor for comparison 
with Mox in a concentration in which it completely abolishes APE1 mediated digestion 
(Fig. 3 and Supplementary Fig. 1).

We successfully reconstituted APE1 activity in vitro. THF-containing 52-mer was 
quantitively digested by APE1 as 97.21 ± 3.5 % of the oligonucleotide was digested (Fig. 3). 

Table I. Sequence of THF-containing substrate

Sense DNA sequence 5´ GCTTGCATGCCTGCAGGTCTGA THF TCTAGAGGATCCCCGGG-
TACCGAGCTCGA 3´

Antisense DNA 
sequence

5´ TCGAGCTCGGTACCCGGGGATCCTCTAGAGTCAGA 
CCTGCAGGCATGCAAGC 3´
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Spontaneous degradation of THF-containing 52-mer oligonucleotide was excluded by con-
trol reaction without APE1 protein. In order to demonstrate the endonuclease digestion 
inhibition specificity, we used MX, a known inhibitor of APE1. MX at a concentration of 8 
mmol L–1 completely inhibited endonuclease digestion of the THF-containing 52-mer, as 
no digestion product could be detected after the reaction. In comparison, 5 mmol L–1 Mox 
weakly attenuated the digestion allowing an average of 94.37 ± 3.35 % digestion. Increasing 
the Mox’s concentration, inhibition of APE1 activity was observed, reaching a plateau at 
42.54 % digestion.

Mean values from 4 repetitions were used to create a dose-response curve in the 
graph (Fig. 4).

Fig. 2. Graphical representation of the experimental design. The double-stranded 52-mer oligonucleo
tide was used as the reaction substrate. One strand of the oligonucleotide contained THF on position 
23 to mimic the AP site. The THF-containing single-stranded oligonucleotide was labelled with FITC 
on 5’-end to allow for fluorescent detection of both, the undigested 52-mer as well as the digested 
23-mer. Methoxamine (Mox) or methoxyamine (MX) were used to inhibit the APE1-catalyzed DNA 
digestion. 

Fig. 3. Representative photo of polyacrylamide gel detection of APE1 activity. The APE1 endonuclease 
reaction was reconstituted resulting in cleavage of uncut 52 bp FITC-labelled oligonucleotide to FITC-
labelled 23 bp and non-labelled 29 bp long fragments (lane labelled as APE1). The inhibitory effect of 
Mox at increasing concentrations (0 to 225 mmol L–1) was compared to the known inhibitor MX and 
control reaction without APE1 (DNA). The products were separated using PAGE under denaturing 
conditions. The bands were visualized and quantified using FITC fluorescence.
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Based on the experimental data the inhibition constant for Mox was calculated, result-
ing in a relative IC50 value of 19.34 ± 1.94 mmol L–1.

Mox is a clinically relevant α1-adrenoreceptor agonist considered to be a long-term 
pharmaceutical approach for various medical conditions (7). We have previously shown 
that Mox presence prior to ionizing radiation treatment of human embryonic stem cells 
results in elevated mutant frequency similar to APE1 downregulation (8, 9). We attributed 
this phenomenon to Mox’s ability to inhibit BER and thus inhibit the conversion of ionizing 
radiation-induced clustered base damage to double-stranded breaks (8), which are essen-
tial to trigger proper checkpoint response and maintain low mutant frequency (15). Here 
we show, that Mox possesses the ability to inhibit APE1, a key non-redundant BER enzyme. 
Considering the inhibition of APE1 in patients, it is important to note that APE1 knockout 
is embryonically lethal in mice (22, 23), conditional knockout induced at embryonic day 7 
resulted in 84 % prenatal mortality (24) and in remaining mice, similar to mice with APE1 
knocked out postnatally suffered large amounts of senescence in various tissues leading 
ultimately to the premature ageing and cell death associated with elevated DNA damage 
and excessive telomere erosion (24). These data suggest that sufficient level of APE1 activity 
is essential in order to maintain proper development and possibly might have adverse 
effect on developing embryo as well as on tissue homeostasis and ageing.

BER protein expression was shown to be modulated both ways in numerous types of 
cancers. For example, while elevated expression of thymine glycol DNA glycosylase 
(NTHL1) induces hallmarks of cancer (25) and a subset of human lung cancer tumours 

Fig. 4. Mox inhibition curve in the in vitro APE1 assay. Mean values of the digestion percentage were 
obtained by dividing cut oligonucleotide density by the sum of cut and uncut oligonucleotide, rela-
tivized to uninhibited reaction (APE alone, 100 %). The mean values of digestion percentage were 
plotted against the concentration of Mox. The experimental data were fitted with an exponential 
curve using the online tool IC50 calculator. Dots represent means with a standard deviation of means.
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display elevated expression of 8-oxoguanine DNA glycosylase (OGG1) (26), some gastric 
cancers were shown to have lost NTHL1 expression at all (27). Importantly polymorphisms 
in the APE1 region are associated with an increased risk of cancer (e.g. 28). Thus, chronic 
APE1 activity downregulation caused by prolonged exposure to Mox might render the 
surrounding tissue more prone to carcinogenesis and/or senescence. APE1 endonuclease 
becomes a strategic therapeutic target as the BER is responsible for the amelioration of 
major damage caused by anticancer therapy, becoming a chemotherapeutic prognostic 
marker (e.g. 29) and target during radiotherapy (e.g. 30). As such it interferes with the effi-
cacy of these therapeutic approaches by inducing survival effects via activation of tran-
scriptional activities of NF-kappaB and HIF-1α (31) and it is also considered an anticancer 
target per se (e.g. 32). Yet no data on the effect of Mox on these APE1 protein-protein interac-
tions are available. We have tested the effect of Mox only on the DNA repair function 
(endonuclease) of APE1 so we cannot comment on the APE1 role in multiprotein complex 
binding minimal hypoxic response element (33) which seems to be important for angio-
genesis as APE1 downregulation led to inhibited angiogenesis in lung cancer (34). Yet to 
our knowledge no reports are available describing problems with angiogenesis, such as for 
example in patients with lower limb ischemia or angina pectoris, which might be again 
potentially contraindicative to Mox treatment and reflects in caution warning for con-
comitant use of Mox with the myocardial disease, arteriosclerosis (6).

Even therapeutically in cancer clinical trials, inhibition of APE1 (e.g. by MX) is usu-
ally considered for either short-term or one-time administration due to its pharmacoki-
netic profile with a half-life of around 43 hours (35). In this light, attention should be paid 
to the long-term downregulation of APE caused by chronic Mox treatment.

APE-mediated oxidative DNA damage repair seems to be essential for telomere length 
maintenance (36) as an important mechanism of genome stability maintenance. BER has 
been also shown to be highly active in germ cells of young mice (13) and also in human 
pluripotent stem cells (8) where it safeguards genomic integrity. Thus, possible contrain-
dications for pregnant women on Mox treatment should be reassessed.

APE1 expression has been shown to play a central role in limiting the BER efficacy in 
old murine germ cells (13) and adapted human pluripotent stem cells (8) while loss of APE1 
leads to the parental age effect in mice (14). These data suggest that sufficient APE1 activ-
ity is indispensable for stem cell homeostasis maintenance. Moreover, APE1 deficiency 
induced by the deletion in both alleles in experimental mice led to the promotion of cel-
lular senescence resulting in cell death in differentiated cells and premature ageing phe-
notype (24). Higher APE1 expression levels and its interactions with multiple proteins 
seems to play also a role in protection of neurons against hypoxia, oxidative stress and 
neuronal loss (37) in Alzheimer patients (38–40) and amyotrophic lateral sclerosis (41) gain 
rising possible contraindications for patients considered for long term Mox treatment.

MOX was used in clinical trials as an intravenous infusion during surgery to increase 
blood pressure for maintaining intraoperative hemodynamics (2, 3), where a dose of 5 to 
15 mg was administered to the patients intravenously. Such doses present roughly 14 nmol 
L–1 concentration in the blood (providing a pool of 5 L of blood and limited lipid binding). 
In a clinical trial phase-II as a potential drug for faecal incontinence (NCT00857467, 
NCT01656720) (42–45), patients were treated with a dose reaching 15 mg of Mox adminis-
tered to rectal suppositories, likely to result in a high local concentration of Mox in the 
rectum. Considering that intravascular administration was so far limited to a maximum 
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of 14 nmol L–1 of Mox and the IC50 is three orders of magnitude higher (19 mmol L–1) it is 
not very likely that APE1 will be significantly inhibited in a systemic manner, but local 
concentrations in used in trials for long-term administration might lead to local inhibition 
of APE1 in surrounding tissue. It must be mentioned that 1S,2R-methoxamine was used in 
the clinical study while we demonstrate the APE1 inhibitory effect using Mox hydrochlo-
ride, which is an undefined mixture of Mox optical isomers.

As for the molecular mechanism of Mox inhibition, we can only speculate based on 
both the inhibition curve and structural similarity to other compounds. Mox is an ana-
logue of catecholamine/norepinephrine and similar compounds which also induce oxida-
tive DNA damage (substrate for BER and APE1) as was shown previously both in vitro on 
ovarian cancer cells (46) as well as in vivo for example in blood cells (47). These compounds 
were recently shown to act via beta-2-adrenergic receptors/adenylate cyclase/cAMP/PKA 
leading to upregulation of ROS by downregulating Hif-1α (e.g. 48) and to P53 downregula-
tion via AKT-mediated Mdm-2 activation (e.g. 49). On the other side, we are dealing with 
reconstituted APE1 reaction missing cellular components such as adrenergic receptors. 
Mox inhibitory effect seems to plateau around 40 % activity which might suggest either 
competitive inhibition with relatively high Ki, possibly via non-covalent modification of 
the AP site or some sort of allosteric inhibition targeting APE1, on the other side presence 
of ionized amine group similar to MX might suggest AP site covalent binding similar to 
MX (50, 51). Further, it might involve the interaction of Mox, AP site and APE1 together as 
an analogy to topoisomerase II nicking the DNA in the vicinity of AP sites covalently 
modified by MX (20, 52).

When considering inhibition of APE1 in animal models or tissue cultures main 
advantages of MOX compared to MX are its lower cytotoxicity even in comparably higher 
concentrations and easier and safer manipulation. Even when considering the animal 
model exposure the Mox toxicity in mice (LD50 mouse i.p. 92 mg kg–1) is considerably lower 
compared to MX (LD50 mouse i.v. 5030 mg kg–1) (53).

CONCLUSIONS

In summary, we show that α1-adrenoreceptor agonist Mox inhibits key DNA repair 
enzyme APE1. The clinically relevant concentrations of Mox have a significant effect on 
APE1 enzymatic properties in vitro. Thus, we suggest caution when administering the Mox 
to patients, especially those who might be at risk due to a family history of cancer and 
pregnant women. More research in terms of cancer development, Mox placental permea-
bility, mammary gland secretion, and embryonic and fetal development should be con-
ducted.

Funding. – This work was supported by the European Regional Development Fund – Project 
ENOCH (No. CZ.02.1.01/0.0/0.0/16_019/0000868) and project National Institute for Research of Meta-
bolic and Cardiovascular Diseases (Programme EXCELES, ID Project No. LX22NPO5104) – Funded 
by the European Union – Next Generation EU.

Conflicts of interest. – The authors declare no conflict of interest.
Authors contributions. – Conceptualization, V.R. and M.P.; methodology, A.K. and D.M.; analysis 

A.K.; writing, original draft preparation, A.K.; writing, review and editing, V.R and A.K. All authors 
have read and agreed to the published version of the manuscript.



288

A. Kohutova et al.: a1-Adrenoceptor agonist methoxamine inhibits base excision repair via inhibition of apurinic/apyrimidinic endo-
nuclease 1 (APE1), Acta Pharm. 73 (2023) 281–291.

	

REFERENCES

	 1.	� B. Rabinowitz, L. Chuck, M. Kligerman and W. Parmley, Positive inotropic effects of methoxamine: 
evidence for alpha-adrenergic receptors in ventricular myocardium, Am. J. Physiol.-Leg. Content 229(3) 
(1975) 582–585; https://doi.org/10.1152/ajplegacy.1975.229.3.582 

	 2.	� S. Sun, D. Sun, L. Yang, J. Han, R. Liu and L. Wang, Dose-dependent effects of intravenous methox-
amine infusion during hip-joint replacement surgery on postoperative cognitive dysfunction and 
blood TNF-α level in elderly patients: a randomized controlled trial, BMC Anesthesiol. 17(1) (2017) 
Article ID 75 (10 pages); https://doi.org/10.1186/s12871-017-0367-6

	 3.	� L. Wang, Effects of continuous intravenous infusion of methoxamine on the intraoperative hemody-
namics of elderly patients undergoing total hip arthroplasty, Med. Sci. Monit. 20 (2014) 1969–1976; 
https://doi.org/10.12659/MSM.890760

	 4.	� J. P. Griffin and P. F. D’Arcy, A Manual of Adverse Drug Interactions, 5th ed., Elsevier Science, New 
York 1997, pp. 236–275; https://doi.org/10.1016/B978-0-444-82406-6.X5000-X

	 5.	� F. Fu, T. Yu-Wen, C. Hong, C. C. Jiao, N. Ma and X.-Z. Chen, A randomised dose-response study of 
prophylactic methoxamine infusion for preventing spinal-induced hypotension during cesarean 
delivery, BMC Anesthesiol. 20(1) (2020) 198–208; https://doi.org/10.1186/s12871-020-01119-2

	 6.	� C. P. Weiner and C. Buhimschi, Drugs for Pregnant and Lactating Women, 2nd ed., W.B. Saunders, 
Philadelphia 2007, pp. 616–745; https://doi.org/10.1016/B978-1-4160-4013-2.00012-0

	 7.	� J. A. D. Simpson, D. Bush, H. J. Gruss, A. Jacobs, C. Pediconi and J. H. Scholefield, A randomised, 
controlled, crossover study to investigate the safety and response of 1R,2S-methoxamine hydrochlo-
ride (NRL001) on anal function in healthy volunteers, Colorectal Dis. 16(1) (2014) 5–15; https://doi.
org/10.1111/codi.12541

	 8.	� M. Krutá, L. Bálek, R. Hejnová, Z. Dobšáková, L. Eiselleová, K. Matulka, T. Bárta, P. Fojtík, J. Fajkus, 
A. Hampl, P. Dvořák and V. Rotrekl, Decrease in abundance of apurinic/apyrimidinic endonuclease 
causes failure of base excision repair in culture-adapted human embryonic stem cells, Stem Cells 31(4) 
(2013) 693–702; https://doi.org/10.1002/stem.1312

	 9.	� M. Krutá, M. Šeneklová, J. Raška, A. Salykin, L. Zerzánková, M. Pešl, E. Bártová, M. Franek, A. 
Baumeisterová, S. Košková, K. J. Neelsen, A. Hampl, P. Dvořák and V. Rotrekl, Mutation frequency 
dynamics in HPRT locus in culture-adapted human embryonic stem cells and induced pluripotent 
stem cells correspond to their differentiated counterparts, Stem Cells Dev. 23(20) (2014) 2443–2454; 
https://doi.org/10.1089/scd.2013.0611

10.	� N. Puebla-Osorio, D. B. Lacey, F. W. Alt and C. Zhu, Early embryonic lethality due to targeted inactiva-
tion of DNA ligase III, Mol. Cell. Biol. 26(10) (2006) 3935–3941; https://doi.org/10.1128/MCB.26.10.3935-
3941.2006

11.	� D. C. Cabelof, J. J. Raffoul, S. Yanamadala, C. Ganir, Z. Guo and A. R. Heydari, Attenuation of DNA 
polymerase β-dependent base excision repair and increased DMS-induced mutagenicity in aged 
mice, Mutat. Res. Mol. Mech. Mutagen. 500(1–2) (2002) 135–145; https://doi.org/10.1016/S0027-
5107(02)00003-9

12.	� G. W. Intano, E. J. Cho, C. A. McMahan and C. A. Walter, Age-related base excision repair activity in 
mouse brain and liver nuclear extracts, J. Gerontol. A. Biol. Sci. Med. Sci. 58(3) (2003) B205–B211; https://
doi.org/10.1093/gerona/58.3.B205

13.	� G. W. Intano, C. A. McMahan, J. R. McCarrey, R. B. Walter, A. E. McKenna, Y. Matsumoto, M. A. 
MacInnes, D. J. Chen and C. A. Walter, Base excision repair is limited by different proteins in male 
germ cell nuclear extracts prepared from young and old mice, Mol. Cell. Biol. 22(7) (2002) 2410–2418; 
https://doi.org/10.1128/MCB.22.7.2410-2418.2002

14.	� J. R. Sanchez, T. L. Reddick, M. Perez, V. E. Centonze, S. Mitra, T. Izumi, C. A. McMahan and C. A. 
Walter, Increased human AP endonuclease 1 level confers protection against the paternal age effect 



289

A. Kohutova et al.: a1-Adrenoceptor agonist methoxamine inhibits base excision repair via inhibition of apurinic/apyrimidinic endo-
nuclease 1 (APE1), Acta Pharm. 73 (2023) 281–291.

	

in mice, Mutat. Res. Mol. Mech. Mutagen. 779 (2015) 124–133; https://doi.org/10.1016/j.mrfm-
mm.2015.06.008

15.	� A. Kohutova, J. Raška, M. Kruta, M. Seneklova, T. Barta, P. Fojtik, T. Jurakova, C. A. Walter, A. Hampl, 
P. Dvorak and V. Rotrekl, Ligase 3-mediated end-joining maintains genome stability of human 
embryonic stem cells, FASEB J. 33(6) (2019) 6778–6788; https://doi.org/10.1096/fj.201801877RR

16.	� L. Haracska, Roles of yeast DNA polymerases delta and zeta and of Rev1 in the bypass of abasic sites, 
Genes Dev. 15(8) (2001) 945–954; https://doi.org/10.1101/gad.882301

17.	� L. Haracska, M. T. Washington, S. Prakash and L. Prakash, Inefficient bypass of an abasic site by DNA 
polymerase η, J. Biol. Chem. 276(9) (2001) 6861–6866; https://doi.org/10.1074/jbc.M008021200

18.	� K. Sugasawa, J. M. Y. Ng, C. Masutani, S. Iwai, P. J. van der Spek, A. P. M. Eker, F. Hanaoka, D. Bootsma 
and J. H. J. Hoeijmakers, Xeroderma pigmentosum group C protein complex is the initiator of global 
genome nucleotide excision repair, Mol. Cell 2(2) (1998) 223–232; https://doi.org/10.1016/S1097-
2765(00)80132-X

19.	� S. Kumar, S. Talluri, J. Pal, X. Yuan, R. Lu, P. Nanjappa, M. K. Samur, N. C. Munshi and M. A. Shammas, 
Role of apurinic/apyrimidinic nucleases in the regulation of homologous recombination in myeloma: 
mechanisms and translational significance, Blood Cancer J. 8(10) (2018) 92–102; https://doi.org/10.1038/
s41408-018-0129-9

20.	� M. Liuzzi and M. Talpaert-Borlé, A new approach to the study of the base-excision repair pathway 
using methoxyamine, J. Biol. Chem. 260(9) (1985) 5252–5258; https://doi.org/10.1016/S0021-9258(18) 
89014-7

21.	� C. A. Schneider, W. S. Rasband and K. W. Eliceiri, NIH Image to ImageJ: 25 years of image analysis, 
Nat. Methods 9(7) (2012) 671–675; https://doi.org/10.1038/nmeth.2089

22.	� B. M. Brenerman, J. L. Illuzzi and D. M. Wilson, Base excision repair capacity in informing healthspan, 
Carcinogenesis 35(12) (2014) 2643–2652; https://doi.org/10.1093/carcin/bgu225

23.	� D. M. Wilson and L. H. Thompson, Life without DNA repair, Proc. Natl. Acad. Sci. 94(24) (1997) 12754–
12757; https://doi.org/10.1073/pnas.94.24.12754

24.	� M. Li, X. Yang, X. Lu, N. Dai, S. Zhang, Y. Cheng, L. Zhang, Y. Yang, Y. Liu, Z. Yang, D. Wang and D. 
M. Wilson, APE1 deficiency promotes cellular senescence and premature aging features, Nucleic Acids 
Res. 46(11) (2018) 5664–5677; https://doi.org/10.1093/nar/gky326

25.	� K. L. Limpose, K. S. Trego, Z. Li, S. W. Leung, A. H. Sarker, J. A. Shah, S. S. Ramalingam, E. M. Werner, 
W. S. Dynan, P. K. Cooper, A. H. Corbett and P. W. Doetsch, Overexpression of the base excision repair 
NTHL1 glycosylase causes genomic instability and early cellular hallmarks of cancer, Nucleic Acids 
Res. 46(9) (2018) 4515–4532. https://doi.org/10.1093/nar/gky162

26.	� S. Vlahopoulos, M. Adamaki, N. Khoury, V. Zoumpourlis and I. Boldogh, Roles of DNA repair enzyme 
OGG1 in innate immunity and its significance for lung cancer, Pharmacol. Ther. 194 (2019) 59–72; https://
doi.org/10.1016/j.pharmthera.2018.09.004

27.	� M. Goto, K. Shinmura, H. Igarashi, M. Kobayashi, H. Konno, H. Yamada, M. Iwaizumi, S. Kageyama, 
T. Tsuneyoshi, S. Tsugane and H. Sugimura, Altered expression of the human base excision repair 
gene NTH1 in gastric cancer, Carcinogenesis 30(8) (2009) 1345–1352; https://doi.org/10.1093/carcin/
bgp108

28.	� X. Xiao, Y. Yang, Y. Ren, D. Zou, K. Zhang and Y. Wu, rs1760944 polymorphism in the APE1 region is 
associated with risk and prognosis of osteosarcoma in the chinese han population, Sci. Rep. 7(1) (2017) 
9331–9341; https://doi.org/10.1038/s41598-017-09750-9

29.	� M. Li, D. Wang, S. Zhang, L. He and N. Dai, Identification of APE1 as a chemotherapeutic prognostic 
marker for non-small cell lung cancer patients, J. Clin. Oncol. 34(15) (2016) Article ID e23065; https://doi.
org/10.1200/JCO.2016.34.15_suppl.e23065

30.	� J. J. Raffoul, A. R. Heydari and G. G. Hillman, DNA repair and cancer therapy: Targeting APE1/Ref-1 
using dietary agents, J. Oncol. 2012 (2012) 1–11; https://doi.org/10.1155/2012/370481



290

A. Kohutova et al.: a1-Adrenoceptor agonist methoxamine inhibits base excision repair via inhibition of apurinic/apyrimidinic endo-
nuclease 1 (APE1), Acta Pharm. 73 (2023) 281–291.

	

31.	� V. Singh-Gupta, H. Zhang, S. Banerjee, D. Kong, J. J. Raffoul, F. H. Sarkar and G. G. Hillman, Radia-
tion-induced HIF-1α cell survival pathway is inhibited by soy isoflavones in prostate cancer cells, Int. 
J. Cancer 124(7) (2009) 1675–1684; https://doi.org/10.1002/ijc.24015

32.	� Z. Wang, W. Xu, Z. Lin, C. Li, Y. Wang, L. Yang, G. Liu, Reduced apurinic/apyrimidinic endonuclease 
activity enhances the antitumor activity of oxymatrine in lung cancer cells, Int. J. Oncol. 49(6) (2016) 
2331–2340; https://doi.org/10.3892/ijo.2016.3734

33.	� K. A. Ziel, C. C. Campbell, G. L. Wilson and M. N. Gillespie, Ref-1/Ape is critical for formation of the 
hypoxia-inducible transcriptional complex on the hypoxic response element of the rat pulmonary 
artery endothelial cell VEGF gene, FASEB J. 18(9) (2004) 986–988; https://doi.org/10.1096/fj.03-1160fje

34.	� X. Gu, Y. Cun, M. Li, Y. Qing, F. Jin, Z. Zhong, N. Dai, C. Qian, J. Sui and D. Wang, Human apurinic/
apyrimidinic endonuclease siRNA inhibits the angiogenesis induced by X-ray irradiation in lung 
cancer cells, Int. J. Med. Sci. 10(7) (2013) 870–882; https://doi.org/10.7150/ijms.5727

35.	� P. Sawides, Y. Xu, L. Liu, J. A. Bokar, P. Silverman, A. Dowlati and S. L. Gerson, Pharmacokinetic pro-
file of the base-excision repair inhibitor methoxyamine-HCl (TRC102; MX) given as an one-hour 
intravenous infusion with temozolomide (TMZ) in the first-in-human phase I clinical trial, J. Clin. 
Oncol. 28(15) (2010) Article ID e13662; https://doi.org/10.1200/jco.2010.28.15_suppl.e13662

36.	� S. Madlener, T. Strobel, S. Vose, O. Saydam, B. D. Price, B. Demple and N. Saydam, Essential role for 
mammalian apurinic/apyrimidinic (AP) endonuclease Ape1/Ref-1 in telomere maintenance, Proc. 
Natl. Acad. Sci. 110(44) (2013) 17844–17849; https://doi.org/10.1073/pnas.1304784110

37.	� E. Huang, D. Qu, Y. Zhang, K. Venderova, M. E. Haque, M. W. C. Rousseaux, R. S. Slack, J. M. Woulfe 
and D. S. Park, The role of Cdk5-mediated apurinic/apyrimidinic endonuclease 1 phosphorylation in 
neuronal death, Nat. Cell Biol. 12(6) (2010) 563–571; https://doi.org/10.1038/ncb2058

38.	� V. Davydov, L. A. Hansen and D. A. Shackelford, Is DNA repair compromised in Alzheimer’s disease?, 
Neurobiol. Aging 24(7) (2003) 953–968; https://doi.org/10.1016/S0197-4580(02)00229-4

39.	� A. K. Mantha, M. Dhiman, G. Taglialatela, R. J. Perez-Polo and S. Mitra, Proteomic study of amyloid 
beta (25–35) peptide exposure to neuronal cells: Impact on APE1/Ref-1’s protein-protein interaction, 
J. Neurosci. Res. 90(6) (2012) 1230–1239; https://doi.org/10.1002/jnr.23018

40.	� Z. Tan, L. Shi and S. S. Schreiber, Differential expression of redox factor-1 associated with beta-amy-
loid-mediated neurotoxicity, Open Neurosci. J. 3 (2009) 26–34; https://doi.org/10.2174/1874082000903010026

41.	� A. Y. Shaikh and L. J. Martin, DNA base-excision repair enzyme apurinic/apyrimidinic endonuclease/
redox factor-1 is increased and competent in the brain and spinal cord of individuals with amyo-
trophic lateral sclerosis, NeuroMolecular Med. 2(1) (2002) 47–60; https://doi.org/10.1007/s12017-002-0038-
7

42.	� P. J. Nisar, H.-J. Gruss, D. Bush, N. Barras, A. G. Acheson and J. H. Scholefield, Intra-anal and rectal 
application of L-erythro methoxamine gel increases anal resting pressure in healthy volunteers, Br. J. 
Surg. 92(12) (2005) 1539–1545; https://doi.org/10.1002/bjs.5171

43.	� P. J. Nisar, H.-J. Gruss, D. Bush, A. G. Acheson and J. H. Scholefield, Intra-anal application of l-erythro 
methoxamine gel increases anal resting pressure in patients with incontinence, Br. J. Surg. 94(9) (2007) 
1155–1161; https://doi.org/10.1002/bjs.5821

44.	� S. Rayment, T. Eames, J. Simpson, M. Dashwood, Y. Henry, H. Gruss, A. Acheson, J. Scholefield and V. 
Wilson, Investigation of the distribution and function of α-adrenoceptors in the sheep isolated inter-
nal anal sphincter: α-Adrenoceptor function in sheep anal sphincter, Br. J. Pharmacol. 160(7) (2010) 
1727–1740; https://doi.org/10.1111/j.1476-5381.2010.00842.x

45.	� L. Siproudhis, W. Graf, A. Emmanuel, D. Walker, R. N. K. Shing, C. Pediconi, J. Pilot, S. Wexner and 
J.  Scholefield, Libertas: a phase II placebo-controlled study of NRL001 in patients with faecal 
incontinence showed an unexpected and sustained placebo response, Int. J. Colorectal Dis. 31(6) (2016) 
1205–1216; https://doi.org/10.1007/s00384-016-2585-7



291

A. Kohutova et al.: a1-Adrenoceptor agonist methoxamine inhibits base excision repair via inhibition of apurinic/apyrimidinic endo-
nuclease 1 (APE1), Acta Pharm. 73 (2023) 281–291.

	

46.	� R. Lamboy-Caraballo, C. Ortiz-Sanchez, A. Acevedo-Santiago, J. Matta, A. N. A. Monteiro and G. N. 
Armaiz-Pena, Norepinephrine-induced DNA damage in ovarian cancer cells, Int. J. Mol. Sci. 21(6) 
(2020) 2250–2264; https://doi.org/10.3390/ijms21062250

47.	� D. Topalović, D. Dekanski, B. Spremo-Potparević, N. Djelić, V. Bajić and L. Živković, Assessment of 
adrenaline-induced DNA damage in whole blood cells with the comet assay, Arch. Ind. Hyg. Toxicol. 
69(4) (2018) 304–308; https://doi.org/10.2478/aiht-2018-69-3154

48.	� F. Sun, X.-P. Ding, S.-M. An, Y.-B. Tang, X.-J. Yang, L. Teng, C. Zhang, Y. Shen, H.-Z. Chen and L. Zhu, 
Adrenergic DNA damage of embryonic pluripotent cells via β2 receptor signalling, Sci. Rep. 5 (2015) 
15950–15962; https://doi.org/10.1038/srep15950

49.	� M. R. Hara, J. J. Kovacs, E. J. Whalen, S. Rajagopal, R. T. Strachan, W. Grant, A. J. Towers, B. Williams, 
C. M. Lam, K. Xiao, S. K. Shenoy, S. G. Gregory, S. Ahn, D. R. Duckett and R. J. Lefkowitz, A stress 
response pathway regulates DNA damage through β2-adrenoreceptors and β-arrestin-1, Nature 
477(7364) (2011) 349–353; https://doi.org/10.1038/nature10368

50.	� P. Fortini, S. Rosa, A. Zijno, A. Calcagnile, M. Bignami and E. Dogliotti, Methoxyamine modification 
of abasic sites protects CHO cells from the cytotoxic and mutagenic effects of oxygen alkylation, 
Carcinogenesis 13(1) (1992) 87–93; https://doi.org/10.1093/carcin/13.1.87

51.	� S. Rosa, P. Fortini, P. Karran, M. Bignami and E. Dogliotti, Processing in vitro of an abasic site reacted 
with methoxyamine: a new assay for the detection of abasic sites formed in vivo, Nucleic Acids Res. 
19(20) (1991) 5569–5574; https://doi.org/10.1093/nar/19.20.5569

52.	� M. Talpaert-Borle and M. Liuzzi, Reaction of apurinic/apyrimidinic sites with [14C]methoxyamine, 
Biochim. Biophys. Acta BBA – Gene Struct. Expr. 740(4) (1983) 410–416; https://doi.org/10.1016/0167-
4781(83)90089-1

53.	� R. J. Lewis, Sax’s Dangerous Properties of Industrial Materials, 10th ed., Wiley-Interscience, New York 2000, 
pp. 4770–4770; https://doi.org/10.1002/0471701343


