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Pteridines are metabolic intermediates in the biosynthetic 
pathways of various cofactors and vitamins (Burton et al., 
2016a; Crabtree et al., 2009; Fukushima & Shiota, 1974; 
Gross & Levi, 1992). Elevated levels of urinary pteridines 
have been reported in patients with certain cancers (Bur-
ton et al., 2013, 2016b; Gamagedara et al., 2011; Kośliński 
et al., 2011; Ma & Burton, 2013; Shantaram et al., 2012), 
prompting interest in elucidating the role of pteridines in 
cancer metabolism. However, previous efforts to study the 
potential tumorigenic origin of pteridines have been met 
with analytical challenges, including trace cellular concen-
trations, a multitude of pteridine derivatives with diverse 
chemical functionality, multiple structural isomers, and 
rapid autooxidation and degradation of certain pteridine 
derivatives (Burton & Ma, 2017, 2019; Kośliński et al., 
2011; Ma & Burton, 2013). Recent advances in pteridine 
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Abstract
Introduction  Determining the biological significance of pteridines in cancer development and progression remains an impor-
tant step in understanding the altered levels of urinary pteridines seen in certain cancers. Our companion study revealed that 
several folate-derived pteridines and lumazines correlated with tumorigenicity in an isogenic, progressive breast cancer cell 
model, providing direct evidence for the tumorigenic origin of pteridines.
Objectives  This study sought to elucidate the pteridine biosynthetic pathway in a progressive breast cancer model via direct 
pteridine dosing to determine how pteridine metabolism changes with tumorigenicity.
Methods  First, MCF10AT breast cancer cells were dosed individually with 15 pteridines to determine which pteridines were 
being metabolized and what metabolic products were being produced. Second, pteridines that were significantly metabo-
lized were dosed individually across the progressive breast cancer cell model (MCF10A, MCF10AT, and MCF10ACA1a) to 
determine the relationship between each metabolic reaction and breast cancer tumorigenicity.
Results  Several pteridines were found to have altered metabolism in breast cancer cell lines, including pterin, isoxanthop-
terin, xanthopterin, sepiapterin, 6-biopterin, lumazine, and 7-hydroxylumazine (p < 0.05). In particular, isoxanthopterin and 
6-biopterin concentrations were differentially expressed (p < 0.05) with respect to tumorigenicity following dosing with 
pterin and sepiapterin, respectively. Finally, the pteridine biosynthetic pathway in breast cancer cells was proposed based on 
these findings.
Conclusions  This study, along with its companion study, demonstrates that pteridine metabolism becomes disrupted in 
breast cancer tumor cells. This work highlights several key metabolic reactions within the pteridine biosynthetic pathway 
that may be targeted for further investigation and clinical applications.

Keywords  Pteridine · Breast cancer · Pteridine metabolism · MCF10A cell line · HPLC-MS/MS · Biomarker
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for the conversion of pteridines to lumazines (Fan et al., 
2013; Jayaraman et al., 2016; Rembold & Simmersbach, 
1969). The XOR enzyme has been shown to have altered 
activity in breast cancer cells (Battelli et al., 2015; Fini et 
al., 2008, 2011; Linder et al., 2005), which may explain the 
observations made in our companion study and provide suit-
able targets for additional investigation in this study. In this 
way, the current study further sought to investigate pteridine 
metabolism in a broader context that included key pteri-
dines and lumazines derived from both GTP and folic acid. 
While previous studies have variously examined the clinical 
and biological significance of pteridines in breast cancer in 
urine (Burton et al., 2016a, b; Gamagedara et al., 2011) and 
cumulative effects of folate dosing in a progressive breast 
cancer cell model (Rasmussen et al., 2022), the elucidation 
of the pteridine biosynthetic pathway in progressive breast 
cancer has not yet been achieved. This study advanced this 
objective by sequentially dosing cells with pteridine inter-
mediates using a progressive breast cancer cell model to 
determine pathway connectivity.

2  Experimental

2.1  Chemicals and materials

The MCF10A progressive breast cancer cell model, which 
consisted of three sequentially derived human epithelial 
breast cell lineages comprising nontumorigenic MCF10A 
(A), premalignant/tumorigenic MCF10AT (T), and tumori-
genic/metastatic MCF10CA1a (C), was obtained from the 
Bargara Ann Karmanos Cancer Institute (Detroit, MI, USA) 
at Wayne State University, and matches the disease model 
used in our recent companion study (Rasmussen et al., 
2022). Dithiothreitol, ammonium hydroxide, LC-MS grade 
formic acid, acetonitrile, methanol, and cell culture media 
were also all from the same resource of our recent study 
(Rasmussen et al., 2022). Ultrapure water was obtained 
from a Milli-Q Advantage® A10 and Millipore Elix® water 
purification system. All the pteridine standards, including 
leucopterin, were also purchased from Schircks Laboratory 
(Jona, Switzerland). The stock standard solutions of each 
pteridine were also prepared in the same way. Leucopterin 
was prepared at 1 mg/L in ultrapure water with 3.7% 2 N 
ammonium hydroxide measured quantitatively in this study 
owing to its poor solubility.

2.2  HPLC-MS/MS method

The HPLC-MS/MS method to determine pteridine deriva-
tives was the same with our recent companion study (Ras-
mussen et al., 2022) with slight modifications, as described 

quantification in relevant biological matrices have newly 
enabled comprehensive investigations into the pteridine 
biosynthetic pathway in cellular disease models (Burton et 
al., 2015).

To this end, our team recently explored how tumorige-
nicity affects pteridine metabolism using a novel isogenic, 
progressive breast cancer cell model consisting of sequen-
tially derived cell lines that models the clinical progression 
towards metastatic breast cancer (Rasmussen et al., 2022). 
In our companion study, we reported that extracellular lev-
els of pterin and 6-hydroxylumazine were correlated with 
tumorigenicity following dosing with folic acid, one of the 
two primary precursors to the pteridine biosynthetic path-
way. This work provided direct evidence for the tumorigenic 
origin of elevated pteridines seen in urine, and particularly 
in breast cancer (Burton et al., 2014, 2016b; Gamagedara 
et al., 2011). However, the manner in which the pteridine 
biosynthetic pathway may differ in breast tumor cells and 
the molecular mechanisms responsible for these changes 
remain to be determined.

Moreover, several downstream pteridines were observed 
to have altered extracellular levels following folic acid 
dosing in our companion study, such as 6-carboxypterin, 
6-hydroxymethylpterin, and xanthopterin, that were not 
otherwise correlated with tumorigenicity (Rasmussen et al., 
2022). Furthermore, other downstream pteridines derived 
from folic acid were not otherwise detected following folic 
acid dosing in the companion study. For example, isoxan-
thopterin, which has been reported to be elevated in the 
urine of breast cancer patients (Burton et al., 2014, 2016b) 
and is the direct product of pterin (Blau et al., 1996; Fuku-
shima & Shiota, 1974; Rembold et al., 1971). It is likely 
that dosing cells with folic acid, as a primary precursor to 
the pteridine biosynthetic pathway, may have been insuf-
ficient to produce detectable changes in secondary and ter-
tiary metabolic products further downstream in the pathway. 
This study therefore sought to investigate the metabolism of 
downstream pteridines in a progressive breast cancer model 
by directly dosing cells with intermediate pteridines.

In addition, the companion study was limited in scope in 
that it strictly examined folate-derived pteridines, whereas 
previous work has demonstrated crosstalk between the folic 
acid and guanosine triphosphate (GTP) entry points to the 
pteridine biosynthetic pathway (Burton et al., 2016a; Oettle 
& Reibnegger, 1999; Rembold & Simmersbach, 1969). For 
example, urinary levels of 6-biopterin, xanthopterin, and 
neopterin were decreased in healthy individuals following 
a two-week folate supplementation (Burton et al., 2016a). 
Similarly, multiple pteridines throughout the pathway have 
been established as substrates for xanthine oxidoreductase 
(XOR) (Blau et al., 1996; Oettle & Reibnegger, 1999; Rem-
bold et al., 1971) and pterin deaminase, which is responsible 
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pteridine analysis or stored at -80 °C until analysis, by fol-
lowing the same sample preparation and HPLC-MS/MS 
analysis method (Rasmussen et al., 2022). The cells were 
harvested and counted as described in our companion study 
(Rasmussen et al., 2022).

Two phases of experiments were performed in this study. 
First, T breast cancer cells were dosed individually with 15 
pteridines. These step-by-step tests confirmed which pteri-
dines were being metabolized and what metabolic products 
were being produced in each individual step of the meta-
bolic pathway. Second, pteridines that were significantly 
metabolized from the phase 1 experiments were chosen to 
test in the phase 2 experiments by dosing each pteridine 
individually across all three progressive breast cancer cell 
lines (A, T, and C) to determine the relationship between 
each metabolic reaction and breast cancer tumorigenicity.

3  Results And Discussion

3.1  Dosing Study for metabolic pathway 
confirmation

3.1.1  Screening study for Pteridines metabolized by breast 
cells

Fifteen pteridines were dosed separately in breast cells 
(T cells) and downstream pteridines were monitored to 
determine pathway connectivity. Dosed concentrations of 

in the supplemental information (Tables S1 and S2). A 
procedural calibration method was used for HPLC-MS/MS 
analysis to minimize matrix effects and improve method 
accuracy. Briefly, different concentrations of pteridine stan-
dards were added in the cell culture media and processed 
through the same procedure as the sample preparation, and 
then diluted and analyzed as the same process of the sample 
analysis. Leucopterin was added to the method in a later 
phase of the study. It was only used for compound iden-
tification and confirmation purposes, not for quantitative 
analysis due to poor solubility of this standard.

2.3  Cell Culture, Pteridine Dosing, and Sample 
Preparation

Cells from each of the A, T, and C cell lines were cultivated 
in 100 mm cell culture dishes in 6 mL of cell culture media 
as described in our recent publication (Rasmussen et al., 
2022) by following the protocol provided by the cell sup-
plier. Pteridine dosing experiments were conducted using 
modified growth media containing 2 mg/L of the selected 
individual pteridine standard. In addition, two types of con-
trol samples, one consisting of dosed cell media without 
cells and the other one with cells but no pteridine dosing, 
were also processed in parallel for each batch of experi-
ments. All the treatments were triplicated or duplicated. 
Cells and corresponding control samples were cultured 
for five days before harvesting. Cell media was harvested 
as 1 mL aliquots, and either used directly for extracellular 

Dosed Pteridine*
(Abbreviation)

µM Amount 
Remaining 
(%)

Pteridines Produced 
(Abbreviation)

µM

Pterin (PTE) 12.3 3 Isoxanthopterin (ISO)
7-Hydroxylumazine (7-HLUM)
6-Hydroxylumazine (6-HLUM)

7.52
0.108
0.005

Xanthopterin (XAN) 11.2 5 7,8-Dihydroxanthopterin (XH2) 0.157
Sepiapterin (SEP) 8.43 43 6-Biopterin (BIO)

7,8-Dihydroxanthopterin (XH2)
7-Hydroxylumazine (7-HLUM)
Isoxanthopterin (ISO)
Xanthopterin (XAN)
6-Hydroxylumazine (6-HLUM)

0.299
0.241
0.141
0.091
0.069
0.057

Lumazine (LUM) 12.2 0 7-Hydroxylumazine (7-HLUM) 7.34
6-Hydroxylumazine 
(6-HLUM)

11.1 38

Undosed N/A 6-Hydroxymethylpterin** (6-HMP)0.169
*Additional pteridines that were dosed, but otherwise not significantly metabolized by cell sam-
ples, are not included in this table. They are 6-Methylpterin (6-MP), Isoxanthopterin, 7-Hydrox-
ylumazine, 7,8-Dihydroxanthopterin, 6,7-Dimethylpterinn (6,7-DMP), 6-Hydroxymethylpterin, 
6-Carboxypterin (6-CAP), 6-Biopterin, Neopterin (NEO), and Monapterin (MNP)
**6-Hydroxymethylpterin was detected in all samples at similar concentrations, including in 
control cells without pteridine dosing, therefore not considered as direct product of dosed pteri-
dines

Table 1  Production of cell-derived 
pteridines following dosing with different 
pteridine precursors. Samples were dosed 
for 5 days with each initial pteridine concen-
tration at 2 mg/L. Reported concentrations 
have been normalized relative to pteridines 
measured in dosed media without cells
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	 Folic Acid →→ 6-Carboxypterin → Pterin� (path-
way 1)

	 Folic Acid → (DHFR) →→ Pterin�(pathway 2)

In this experiment, 6-carboxypterin was not significantly 
metabolized by the premalignant T cell line and no additional 
pterin was observed following dosing with 6-carboxypterin. 
This finding generally agreed with that of our companion 
study where folic acid dosing yielded substantial amounts of 
6-carboxypterin and only 10–35 µg/L of pterin (Rasmussen 
et al., 2022). Both studies were performed under dark con-
ditions to minimize the photocatalytic degradation of folic 
acid to 6-carboxypterin and ultimately pterin (Rasmussen 
et al., 2022). These findings together suggest that the meta-
bolic pathway from folic acid to pterin in breast cancer cells 
proceeds primarily through enzymatic processes involving 
dihydrofolic acid as an intermediate (pathway 2) and not 
through physical processes involving 6-carboxypterin as an 
intermediate (pathway 1). This understanding would fur-
ther explain the minimal change in urinary pterin following 
folate supplementation in healthy individuals reported by 
Burton et al., (2016a).

3.1.3  Pterin derived metabolic pathway

Pterin dosing. In this experiment, pterin dosing afforded iso-
xanthopterin along with trivial levels of 6-hydroxylumazine 
and 7-hydroxylumazine. The conversion of pterin to isox-
anthopterin has been previously established as an enzymatic 
reaction involving XOR both clinically in humans (Blau et 
al., 1996) and in vitro using XOR enzyme derived from rat 
liver (Rembold et al., 1971). This experiment confirmed this 
reaction step (pathway 3) by directly dosing pterin precur-
sor into the breast cancer cell culture.

	 Pterin XOR−−−→ Isoxanthopterin� (pathway 3)

In our companion study, isoxanthopterin was not detected 
at significant levels following folate dosing; however, the 
amount of pterin precursor generated with folic acid dosing 
in that study was approximately 10–35  µg/L whereas the 
pterin precursor dose used in the current study was 2 mg/L. 
In this way, the negligible effects of daily folate supplemen-
tation for two weeks on urinary isoxanthopterin (Burton et 
al., 2016a) are likely the result of the poor conversion effi-
ciency of folic acid to pterin.

Pterin dosing yielded a small fraction (0.08%) of 
6-hydroxylumazine. This unexpected finding may suggest 

five pteridines, including pterin, xanthopterin, sepiapterin, 
lumazine, and 6-hydroxylumzine, were significantly 
reduced after five days (Table  1). 6-Hydroxymethylpterin 
was detected in all extracellular media of the cell samples 
in a concentration range of 0.08–0.17 µM, which is in 
agreement with Rasmussen et al., (2022) where 6-hydroxy-
methylpterin was detected in T cells at low concentrations 
without additional dosed folic acid.

The various pteridine products observed following dos-
ing with the pteridine precursors, as shown in Table 1, align 
with the established pteridine biosynthetic pathway (Fig. 1) 
(Burton et al., 2016a; Crabtree et al., 2009; Kośliński et al., 
2011; Rasmussen et al., 2022; Rembold et al., 1971). Sev-
eral pteridine derivatives, including 6-hydroxymethylpterin, 
7-hydroxylumazine, isoxanthopterin, 6-biopterin, 6-meth-
ylpterin, 6,7-dimethylpterin, neopterin, and monapterin, 
were not significantly metabolized by the breast cancer cells, 
indicating that these pteridine derivatives may be terminal 
endpoints within the pteridine biosynthetic pathway or that 
these pteridine derivatives may not be actively transported 
into breast cancer cells. Evidence for the latter may include 
7,8-dihydroxanthopterin, a precursor to xanthopterin, and 
6-carboxypterin, a precursor to pterin (Burton et al., 2016a; 
Rasmussen et al., 2022; Rembold et al., 1971), which were 
not shown to be significantly metabolized in these experi-
ments. The detailed results from each dosing experiment are 
discussed below.

3.1.2  6-Carboxypterin dosing results

Pterin may be formed from folic acid either (1) nonenzy-
matically through the photocatalysis of folic acid or (2) 
through a multistep enzymatic process involving dihydrofo-
late reductase and XOR (Burton et al., 2016a; Rasmussen et 
al., 2022; Rembold et al., 1971).

Fig. 1  Pteridine pathway in breast cells based on screening and quan-
titative studies. Circled numbers indicate pathways evaluated and dis-
cussed in this study. (Q) and (C) indicate compounds analyzed quanti-
tatively and confirmatively, respectively, in the pteridine panel
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3.1.4  7,8-Dihydroxanthopterin and xanthopterin dosing 
results

7,8-Dihydroxanthopterin dosing. Dosed 7,8-dihydroxan-
thopterin was not significantly metabolized by the T cell 
line. Instead, similar ratios of 7,8-dihydroxanthopterin and 
xanthopterin were observed in dosed cells and media (2:1 
and 2.6:1, respectively). This may be attributed to the spon-
taneous autooxidation of 7,8-dihydroxanthopterin to xan-
thopterin (Blau et al., 1996; Burton et al., 2016a; Rembold 
et al., 1971).

	
7,8-Dihydroxanthopterin Nonenzymatic−−−−−−−−−−→ Xanthopterin

� (pathway 6)

Xanthopterin dosing. Cells dosed with xanthopterin resulted 
in qualitatively higher levels of leucopterin (Fig. S1). This 
finding agreed with previously reported results that leu-
copterin is a metabolic product of xanthopterin when its 
metabolism was studied in vitro using XOR enzyme derived 
from rat liver (Rembold et al., 1971) and butterflies (Watt, 
1972). Xanthopterin dosing also yielded marginal amounts 
(1.41%) of 7,8-dihydroxanthopterin. This finding suggested 
that while 7,8-dihydroxanthopterin incompletely oxidizes to 
xanthopterin, as already seen here, that some 7,8-dihydro-
xanthopterin may be recovered from as yet undetermined 
processes (pathway 7).

	 7,8-Dihydroxanthopterin � Xanthopterin XOR−−−→ Leucopterin

� (pathway 7)

3.1.5  Sepiapterin dosing results

The sepiapterin dosing experiment resulted in signifi-
cant increases of multiple pteridine derivatives, including 
6-biopterin, 7,8-dihydroxanthopterin, 7-hydroxylumazine, 
isoxanthopterin, xanthopterin, and 6-hydroxylumazine 
(Table 1). The multiplicity of metabolic products seen here 
can be attributed to the so-called salvage pathway in which 
exogenous sepiapterin is reduced to 7,8-dihydrobiopterin by 
sepiapterin reductase (Fig. 1, pathway 9) and subsequently 
reduced to 5,6,7,8-tetrahydrobiopterin by dihydrofolate 
reductase (Alp & Channon, 2004; Crabtree et al., 2009; 
Nichol et al., 1983; Tomšíková et al., 2013). A two-step 
spontaneous oxidation of 5,6,7,8-tetrahydrobiopterin with 
7,8-dihydrobiopterin as an intermediate yields 6-biopterin. 
Moreover, nonenzymatic side chain cleavage of 5,6,7,8-tet-
rahydrobiopterin can yield 7,8-dihydropterin (Walter et al., 
1997). The latter may be spontaneously oxidized to pterin 

a reverse equilibrium between pterin and 7,8-dihydrop-
terin. The latter may be deaminated to 7,8-dihydrolumazine 
and ultimately to 6-hydroxylumazine through previously 
established reactions (Rembold et al., 1971). However, 
7,8-dihydropterin was not monitored in this study due to 
lack of chemical standard, and its reaction rate constant and 
whether it is enzymatically controlled has not been previ-
ously reported. We also dosed 6-hydroxylumazine directly 
in the cell culture, and the 6-hydroxylumazine was sig-
nificantly metabolized by the T cells with only 38% of the 
dosed amount remaining after five days (Table 1). However, 
no metabolic products were detected in our pteridine panel, 
which excluded 6,7-dihydroxylumazine, the predicted met-
abolic product (Fig. 1, pathway 8) (Rembold et al., 1971) 
due to a lack of commercially available standard. This 
rapid conversion of 6-hydroxylumazine to the downstream 
product(s) may explain its low yield with pterin dosing.

Lumazine dosing. Lumazine strongly converted to 
7-hydroxylumazine (pathway 4), with a molar conversion 
rate of 60%, agreeing with a previous study that 7-hydroxy-
lumazine is the direct product of lumazine (Rembold et al., 
1971). In addition, while lumazine was not detected in the 
T cell line when dosed with pterin, subsequent pterin dos-
ing in the highly tumorigenic C cell line yielded lumazine 
(pathway 4), which is discussed in Sect. 3.2.1.

	 Pterin Deaminase−−−−−−−−→ Lumazine XOR−−−→ 7-Hydroxylumazine

� (pathway 4)

Isoxanthopterin dosing. Isoxanthopterin was not metabo-
lized in the cell samples in the screening experiment. In a 
prior work by Rembold et al. (1969), a pterin deaminase 
was shown in vitro to deaminate 5,6,7,8-tetrahydropterin, 
7,8-dihydropterin, pterin, and isoxanthopterin to 5,6,7,8-tet-
rahydrolumazine, 7,8-dihydrolumazine, lumazine, and 
7-hydroxylumazine, respectively. However, in this experi-
ment, dosed isoxanthopterin was not metabolized by the 
cells, indicating that the hypothesized deaminase respon-
sible for generating the lumazines in the breast cells does 
not act on isoxanthopterin. Therefore, it is proposed that the 
generation of 7-hydroxylumazine in breast cells dosed with 
pterin is due to pterin conversion to lumazine (pathway 4) 
and not from deamination of isoxanthopterin (pathway 5).

	 Pterin XOR−−−→ Isoxanthopterin Deaminase−−−−−−−−→ 7-Hydroxylumazine

� (pathway 5)

Page 5 of 10  27
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and to better elucidate their biosynthetic pathways in breast 
tumors.

3.2.1  Pterin precursor

Exogeneous pterin was efficiently converted to isoxan-
thopterin with an 86.26% and 88.44% molar conversion 
in the nontumorigenic A cell line and premalignant T cell 
lines, respectively. Less conversion was observed (66%) 
in the tumorigenic C cell line (Table S3). When normal-
ized to cell concentrations (Fig.  2), isoxanthopterin was 
marginally higher in T and C cell lines (p < 0.05, Student’s 
t-test), 6-hydroxymethylpterin and lumazine were signifi-
cantly higher in C cell lines (p < 0.05, Student’s t-test), and 
6-hydroxylumazine generally trended with tumorigenicity 
although no pairwise comparisons were statistically sig-
nificant. Notably, the amount of unmetabolized pterin in 
C cells after five days was significantly higher than in A 
and T cells (p < 0.05, Student’s t-test). This finding, taken 
together with the elevated levels of pterin in tumorigenic 
breast cancer cells following folic acid dosing reported in 
our companion study (Rasmussen et al., 2022), strongly 
implicates altered XOR enzymatic activity. As previously 
noted, XOR mediates a myriad of pteridine and lumazine 
reactions, including the conversion of pterin to isoxanthop-
terin. While XOR activity was not directly measured in the 
present study, its activity has previously been shown to be 
inversely correlated with breast cancer tumorigenicity using 
the same progressive breast cancer cell model (Fini et al., 
2008, 2011). In this case, suppressed enzymatic activity 
in tumor cells would be expected to result in less efficient 
conversion of pterin, as seen here and in our companion 

and subsequently converted to isoxanthopterin by XOR, 
as shown in this study and others (Rembold et al., 1971; 
Tomšíková et al., 2013; Walter et al., 1997). The interme-
diate 7,8-dihydropterin may also be converted to 7,8-dihy-
droxanthopterin by XOR (Rembold et al., 1971). Similarly, 
6-hydroxylumazine and 7-hydroxylumazine may be pro-
duced from 7,8-dihydropterin and pterin, as seen in the cur-
rent study and elsewhere (Rembold et al., 1971).

In this way, a full accounting of the observed metabolic 
products of sepiapterin may be understood through its sal-
vage to 5,6,7,8-tetrahydrobiopterin. Given the clinical sig-
nificance of many of these pteridine derivatives in various 
epithelial cancers, this finding may be particularly impor-
tant in understanding their biological significance in cancer 
development and the potential role of 5,6,7,8-tetrahydrobi-
opterin metabolism in particular.

3.2  Effects of Tumorigenicity on Pteridine 
Metabolisms

While the screening study in phase 1 was designed to deter-
mine the metabolic products of various pteridine precursors 
within the T cell line, the quantitative study in phase 2 was 
designed to determine the relationship between individual 
metabolic reactions and breast cancer tumorigenicity across 
the progressive breast cancer cell model. For these experi-
ments, three exogeneous pteridine precursors, including 
pterin, xanthopterin, and sepiapterin, were dosed in the A, T, 
and C cell lines and the amounts of precursor consumed and 
products formed were quantified. These pteridine precursors 
were selected based on the multiplicity of products covered, 
their clinical significance as potential cancer biomarkers, 

Fig. 2  Production of pteridine 
derivatives in different breast 
cells following dosing with 
PTE (12.26 µM) for five days 
(n = 3). (a) Concentration (pmol/
million cells) of unreacted PTE 
in different breast cells; (b) 
Concentrations (pmol/million 
cells) of pteridine derivatives 
produced following dosing with 
PTE in different breast cells; (c) 
molar reaction recoveries fol-
lowing PTE dosing * p < 0.05, 
two-tailed Student’s t-test
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together, these findings present an accounting of altered 
pterin metabolism in breast cancer, invoking multiple enzy-
matic processes and providing a tumorigenic origin for sev-
eral pteridine derivatives.

3.2.2  Xanthopterin precursor

More than 95% of the exogeneous xanthopterin precursor 
was metabolized by the A and T cell lines, while 77% was 
consumed by the tumorigenic C cell line (Table 2). The dif-
ference between the A and T cell lines and the C cell line was 
statistically significant (p < 0.05, Student’s t-test). Notably, 
most of the consumed xanthopterin could not be accounted 
for by the monitored pteridine derivatives. Previous work 
has identified leucopterin as a primary metabolic product of 
xanthopterin (Rembold et al., 1971; Watt, 1972). Although 
leucopterin was not quantitatively determined in the current 
study, it was produced in this dosing experiment and con-
firmed by HPLC-MS/MS method matching elution times 
and ionization ion pairs with leucopterin standard, as shown 

study (Rasmussen et al., 2022). In addition, the tumorigenic 
increase of lumazine and, to a lesser extent, 6-hydroxyluma-
zine, but not 7-hydroxylumazine, is suggestive of tumori-
genic deaminase activity. As previously discussed, pterin 
may be deaminated to lumazine and subsequently hydrox-
ylated to 7-hydroxylumazine by XOR (Fig. 1). In this way, 
suppressed XOR activity and elevated deaminase activity 
in tumorigenic breast cells would promote pterin conver-
sion to lumazine, but hinder the subsequent reaction, result-
ing in higher levels of the lumazine intermediate. Similarly, 
pterin may be reduced to 7,8-dihydropterin, whereupon it 
may be deaminated and converted to 6-hydroxylumazine 
before being ultimately converted to 6,7-dihydroxyluma-
zine by XOR (Fig.  1). In this way, the combination of 
increased deaminase activity and suppressed XOR activity 
can account for the majority of the metabolic products seen 
here. Finally, the marginal increases observed for isoxan-
thopterin and 6-hydroxymethylpterin in tumorigenic C cells 
suggest more complicated pathways, potentially involving 
novel feedback mechanisms and metabolic reactions. Taken 

Pteridine MCF10A MCF10AT MCF10CA1a
Unreacted Precursor
(pmol/million cells)

XAN 104.30 (7.86) 73.63 (17.62) 1391.75 
(126.62)

Detected Product
(pmol/million cells)

XH2 179.02 
(17.82)

65.54 (63.70) 112.75 
(95.09)

Reaction Recovery (%)
Unreacted Precursor XAN 3.66 (0.28) 1.46 (0.35) 23.14 (2.11)
Detected Product XH2 6.29 (0.63) 1.30 (1.26) 1.91 (1.58)

Sum 9.95 (0.90) 2.75 (1.61) 25.05 (3.69)
LEU* Detected Detected Detected

Table 2  Concentrations (pmol/million 
cells) of unreacted xanthopterin precursor 
and 7,8-dihydroxanthopterin product. Total 
reaction recovery (% molar concentration) 
of detected pteridines to initial xanthopterin 
dose (11.165 µM) for 5 days (n = 3). Stan-
dard deviations are denoted in parentheses

*Leucopterin confirmed, but not quantified

Fig. 3  Production of pteridine 
derivatives in different breast 
cells following dosing with 
SEP (8.43 µM) for five days 
(n = 3). (a) Concentration (pmol/
million cells) of unreacted SEP 
in different breast cells; (b) 
Concentrations (pmol/million 
cells) of pteridine derivatives 
produced following dosing with 
SEP in different breast cells; (c) 
molar reaction recoveries fol-
lowing SEP dosing * p < 0.05, 
two-tailed Student’s t-test † 
Only the T and C cell lines were 
significantly different, p < 0.05, 
two-tailed Student’s t-test
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4  Conclusions

In this study, the pteridine biosynthetic pathway in progres-
sive breast cancer was investigated by dosing cells directly 
with pteridine intermediates and monitoring the dosed 
precursors and the metabolic products. Five pteridines, 
including pterin, xanthopterin, sepiapterin, lumazine, and 
6-hydroxylumazine were found to be metabolized by breast 
cancer cells. Further investigation into the metabolism of 
pterin, xanthopterin, and sepiapterin revealed differential 
patterns of pteridine metabolites as a function of breast can-
cer tumorigenicity. Specifically, several pteridines, including 
pterin, isoxanthopterin, xanthopterin, sepiapterin, 6-biop-
terin, lumazine, and 7-hydroxylumazine were reported to 
have significantly altered concentrations (p < 0.05) across 
the progressive breast cancer model. Pteridine concentra-
tions were found to generally peak in the most aggressive 
MCF10CA1a cell line, although, sepiapterin, 6-biopterin, 
and isoxanthopterin were also significantly altered in the 
mildly aggressive MCF10AT cell line. In this way, the pres-
ent work built upon our recent companion study to provide 
direct evidence for the tumorigenic origin of pteridines in 
breast cancer. These findings together provide an important 
biological basis for the accounts of elevated urinary pteri-
dines reported in women with breast cancer. Overall, the 
current study provided new insights into the pteridine bio-
synthetic pathway and its role in breast cancer development 
and progression, identifying multiple pteridine metabolites 
and reactions that warrant further investigation as clinical 
biomarkers.
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in the chromatograms in Fig. S1. Furthermore, the observed 
decrease in xanthopterin consumption in the C cell line pro-
vides indirect evidence for the conversion of the exogeneous 
xanthopterin to leucopterin, which is mediated by XOR. In 
this way, suppressed XOR activity in the tumorigenic C cell 
line would limit conversion of the exogeneous xanthopterin 
to leucopterin, as observed here. These findings ultimately 
suggest that xanthopterin, and potentially leucopterin, may 
exhibit altered metabolism in breast tumors.

3.2.3  Sepiapterin precursor

Exogeneous sepiapterin was virtually consumed (< 2% 
remaining) across all three cell lines (Table S4). The 
amount of unmetabolized sepiapterin remaining was sig-
nificantly higher in the T cell line (p < 0.05, Student’s t-test). 
Exogeneous sepiapterin yielded a multiplicity of metabolic 
products, including 6-biopterin, 7,8-dihydroxanthopterin, 
isoxanthopterin, 6-hydroxylumazine, 7-hydroxylumazine, 
lumazine, and xanthopterin. Five of these metabolic prod-
ucts, shown in Fig. 3, were found to have significantly altered 
levels in the tumorigenic C cell line (p < 0.05, Student’s 
t-test). Interestingly, pterin was not generated at detect-
able levels, although it is likely that the levels were below 
detection limits and that it was readily converted to isox-
anthopterin, lumazine, and 7-hydroxylumazine. 6-Hydroxy-
lumazine was only statistically discriminated between the 
T and C cell lines (p < 0.05) and non-statistically discrimi-
nated between the A and C cell lines (p = 0.065) while in 
our previous study, all three cell lines were correlated with 
tumorigenicity. However, there are several more metabolic 
steps between sepiapterin and 6-hydroxylumzine than from 
folic acid, as well as derivation from a GTP-derived pre-
cursor, which may indicate that biomarker levels may be 
affected by available precursors, which supports previous 
report from Burton et al., (2016a) wherein increasing avail-
able folate levels altered urinary pteridine levels.

Although this study was not designed to assess the 
individual intermediates within this section of the pteri-
dine pathway, there are several enzymes implicated in this 
pathway, including XOR, SR, DHFR, DHPR, and pterin 
deaminase that may be useful targets for further investiga-
tion. Similarly, expansion of the pteridine panel to include 
reduced and semi-reduced pteridine derivatives may shed 
additional insights into the intermediate pathways of both 
pteridines and lumazines. Pterin deaminase, hypothesized to 
be responsible for the conversion of pteridines to lumazines. 
In this way, further work on elucidating the molecular 
mechanisms for the differentiation of these metabolic prod-
ucts and their corresponding enzymes in breast tumor cells 
may provide useful insights into the role of pteridines as 
breast cancer biomarkers.
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