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Abstract 

Doxophylline (DOXO) and theophylline are widely used as bronchodilators for treating 

asthma and chronic obstructive pulmonary disease, and DOXO has a better safety profile than 

theophylline. How DOXO metabolism and disposition affect its anti-asthmatic efficacy and 

safety remains to be explored. In this study, the metabolites of DOXO were characterized. A 

total of nine metabolites of DOXO were identified in vitro using liver microsomes from human 

and four other animal species. Among them, six metabolites were reported for the first time. 

The top three metabolites were theophylline acetaldehyde (M1), theophylline-7-acetic acid 

(M2) and etophylline (M4). A comparative analysis of DOXO metabolism in human using 

liver microsomes, S9 fraction, and plasma samples demonstrated that: (1) The metabolism of 

DOXO began with a CYP-mediated, rate-limiting step at the C ring and produced M1, the most 

abundant metabolite in human liver microsomes. However, in human plasma, the M1 

production was rather low. (2) M1 was further converted to M2 and M4, the end products of 

DOXO metabolism in vivo, by non-CYP dismutase in the cytosol. This dismutation process 

also relied on the ratio of NADP+/NADPH in the cell. These findings for the first time 

elucidated the metabolic sites and routes of DOXO metabolism in human.   
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Significance Statement: 

We systematically characterized doxophylline metabolism using in vitro and in vivo assays. 

Our findings evolved the understandings of metabolic sites and pathways for methylxanthine 

derivatives with the aldehyde functional group.  
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Introduction  

Doxophylline (DOXO), theophylline (TP), aminophylline (AP) (Spina and Page, 2017), 

etophylline (ETO) (Sharma and Sharma, 1979) and caffeine (CA) are methylxanthine 

derivatives, and the first four compounds have been approved for use in clinical practice. 

Among them, TP and DOXO are clinically more effective and widely used in the treatment of 

asthma and chronic obstructive pulmonary disease (COPD). A recent meta-analysis of 696 

asthma patients shows that DOXO has slightly better efficacy and a much better profile of 

safety than TP (Rogliani et al., 2019), hence has a broader therapeutic window in treating 

asthma. DOXO also shows fewer side effects on cardiac function (Dini and Cogo, 2001), sleep 

rhythm (Sacco et al., 1995), gastric secretions (Lazzaroni et al., 1990) and central nervous 

system (Cravanzola et al., 1989), and exhibits lower risks of drug-drug interaction (Mennini et 

al., 2017). In February 2014, the US FDA granted an orphan drug designation to DOXO for 

treating bronchiectasis 

(https://www.accessdata.fda.gov/scripts/opdlisting/oopd/detailedIndex.cfm?cfgridkey=39941

3). Efforts have been made to understand the mechanism underlying the superior safety profile 

of DOXO. Studies show that DOXO exhibits rather weak effects on the well-characterized in 

vivo targets of TP, such as phosphodiesterase and adenosine receptors (van Mastbergen et al., 

2012). These evidence are insufficient to justify the equivalent efficacy and better safety of 

DOXO in clinical usage. Therefore, the molecular mechanism of DOXO still remains to be 

investigated.  

The metabolic stability of a compound is determined by its structure. TP, CA and DOXO 

share identical parental skeleton, and differ only in the N-7 substituent groups. We assigned A, 

B and C rings to the structures of DOXO to accurately describe the metabolic sites and 

derivative functional groups (Fig. 1).  
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TP lacks a substituent group at the N-7 position and has the lowest in vivo metabolic rate 

among the three drugs. The primary metabolic pathways of TP are demethylation at the N-1 

and N-3 positions (Fig. 1). The area under the plasma concentration-time curve (AUC) of TP 

accounts for about 91% of the total AUC in human plasma after oral TP administration 

(Rodopoulos and Norman, 1997). Therefore, the widely observed fluctuation of TP 

concentration in the blood among different individuals (Bertil, 2010) is mainly attributed to 

other factors, rather than the instable structure of the compound. One possible cause is TP has 

a large variation in apparent volume of distribution (VD) (Tanikawa et al., 1999) and the strong 

tissue binding activity (Shum and Jusko, 1987). Once binding competition occurs (Troger and 

Meyer, 1995), plasma concentration of TP could be highly volatile, leading to side effects such 

as cardiac- and neuro-toxicity (Minton and Henry, 1996).  

CA has a methyl group at the N-7 position and the overall demethylation activity increases. 

In human, CA metabolized to paraxanthine (PX, 84%), theobromine (TB, 12%) and TP (4%). 

These three metabolites could be further demethylated (Nehlig, 2018). The AUC of parent drug 

CA in human plasma accounts for 56% of the total AUC (Martinez-Lopez et al., 2014). It’s 

worth noting that CA metabolite profiles exhibit significant variation between individuals. The 

demethylation of CA and TP is primarily catalyzed by CYP1A (Fort et al., 1996). Several 

studies show distinct differences in the metabolic capacity of CYP1A among individuals (Dai 

et al., 2017; Dai et al., 2015). It’s been recently demonstrated that CYP2E1 also participates in 

CA metabolism, which would further contribute to the metabolic variation of CA (Nehlig, 

2018). Therefore, the individual variation of CA concentration in human blood arises from both 

the structural instability and the variation of metabolic enzyme activity.  

DOXO has a 1,3-dioxolane ring (cyclic acetal) at the N-7 position. Previous studies show 

that DOXO is relatively stable in rat liver microsomes (RLM) as 95% of the parent compound 

has been recovered. The metabolites detected in RLM are TP and 2’-hydroxyethyl ester 
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theophylline acetic acid (HET) (Grosa et al., 1986). However, these two products are not 

present in human serum. Clinical pharmacology studies of oral and i.v. administered DOXO 

show distinct individual variation of ADME profiles for DOXO (Shukla et al., 2009). The 

biological instability of DOXO in vivo is characterized by quick elimination and short half-life. 

The only metabolite detected in the human blood is the inactivated etophylline (ETO). 

Therefore, DOXO has been proposed as the active compound rather than the pro-drug 

responsible for its clinical efficacy and safety (Matera et al., 2017).  

Our recent study also demonstrated that DOXO was instable in human. We identified 

theophylline-7-acetic acid (TAA) to be a new product of DOXO metabolism in vivo in addition 

to ETO, and the AUC of intact DOXO in plasma after i.v. drip was only 27% (Fang et al., 

2019). Taken together, the published studies on DOXO metabolism focus on the 

pharmacokinetics of prototype compound, whereas in vitro evidence on biochemical stability 

and drug metabolism of DOXO are limited. In this study, we performed a systematic 

investigation and comparative analysis on DOXO metabolism using human liver microsomes, 

human liver S9 and human blood serum. We identified and characterized the metabolites of 

DOXO and illustrated the interconversion relationships in vitro and in vivo.  
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Materials and Methods 

Chemicals and Reagents. DOXO (99.7%), TP (99.5%) and ETO (99.7%) were purchased 

from Dalian Meilunbio. Co., Ltd (Dalian, China). Theophylline-7-acetaldehyde (TA 91.4%) 

was bought from Beijing Comparison Pharmaceutical Tech. Co., Ltd (Beijing, China). TAA 

(99.7%) was from Aladdin Industrial Corporation (Shanghai, China). D-glucose 6-phosphate 

(G6P), glucose-6-phosphate dehydrogenase (G6PDH), β-NADP+, NADPH, UDPGA trisodium 

salt, Brij 58 and 1-aminobenzotriazole (1-ABT) were obtained from Sigma-Aldrich (St. Louis, 

MO). HET (92.7%) was synthesized by Professor Guoliang Chen at Shenyang Pharmaceutical 

University (Shenyang, China). All other reagents were either LC grade or the highest grade 

commercially available. 

Enzyme Sources. Pooled liver microsomes from human (HLM), mouse (MLM), rabbit 

(RaLM), rat (RLM), monkey (CyLM) and pooled human liver S9 (HLS9) were purchased from 

Research Institute for Liver Diseases (Shanghai) Co. Ltd (Shanghai, China) and stored at -80℃.  

In Vitro Incubation Reaction. The total volume of each incubation was 200 μL and organic 

solvent did not exceed 2 μL.  

For phase I metabolism, incubation was performed in PBS buffer (0.1 M, pH=7.4). The 

incubation system contained liver microsomes/HLS9 (0.5 mg/mL), 

DOXO/TA/TAA/ETO/HTE (100 μM) and NADPH-regenerating system including G6PDH (1 

U/mL), MgCl2 (5 mM), G6P (10 mM) and β-NADP+ (1 mM). After pre-incubation for 5 

minutes, the reaction was initiated by adding β-NADP+. The mixtures incubated 60 minutes at 

37℃ on a thermo-shaker. To inhibit the CYP activity in phase I metabolism, 1-ABT (500 μM) 

was pre-incubated with HLM/HLS9 and NADPH-generating system for 20 minutes at 37℃, 

then DOXO was added. 
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For phase II metabolism, the incubation system contained 50 mM Tris-HCl (pH 7.4), HLM 

(0.5 mg/mL), DOXO/TAA/ETO (100 μM), UDPGA (2 mM), MgCl2 (5 mM) and Brij 58 (0.1 

mg/mg protein).  

For kinetics analysis, the incubation system contained PBS (0.1 M, pH 7.4), HLS9 (0.1 

mg/mL), TA (1~500 μM) and β-NADP+ / freshly prepared NADPH (1 mM). The reaction was 

initiated by adding HLS9 and the incubation time was 6 minutes.  

For chemical stability test, 100 μM DOXO was incubated in 0.2% formic acid at 37℃ for 

60 minutes. 

All these reactions were terminated by adding 100 μL ice-cold acetonitrile, and then 

centrifuged at 20,000g for 20 minutes at 4℃. Incubation systems without liver 

microsomes/HLS9, co-factor or substrate were used as controls. 

Ethics Approval and Human Subjects. This research was approved by the Independent 

Ethics Committee in 2018, January (Approval #: 2018 [00021]). Human subjects enrolled in 

this project were informed the purpose, procedure and risk of the study. Three volunteers were 

female, Asian, and aged 25, 25, 26. Physical exams were performed before the enrollment, and 

no pathological conditions were found.  

Protocol for drug administration and blood sampling. Under fasting conditions, 100 mg 

DOXO was administered as single dose by i.v. drip for 30 minutes. Blood samples were 

collected from the contralateral antecubital vein at pre-dose, and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 

2, 2.5, 4.5, 6.5, 8.5, 10.5, 12.5, 24.5 h after the i.v. administration started. Plasma was 

immediately separated from the blood by centrifugation at 4450 g for 10 minutes at 4℃ and 

stored at -20℃. 

Sample Preparation for MS analysis. For in vitro samples, 3 μL of the supernatant was 

used for LC-Triple TOF analysis. The supernatant was diluted with 0.2% formic acid (v: v=1:2), 

and 1 μL was used for LC-MS/MS analysis. For plasma preparation, 25 μL sample was 
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deproteinized with 75 μL acetonitrile. The mixture was diluted with 100 μL water containing 

0.2% formic acid. After centrifugation for 20 minutes at 20,000 g, 5 μL of the supernatant was 

used for LC-Triple TOF and 2 μL for LC-MS/MS. 

LC-Triple TOF Analyses. Metabolite identification was performed on a 5600+ TripleTOF® 

quadrupole-time of flight mass spectrometer equipped with a DuoSpray source (Sciex). The 

mass spectrometer was coupled with an ExionLC system. Chromatographic separation was 

performed on an Acquity UPLC® BEH C18 column (3.0×100 mm i.d., 1.7 μm; Waters). A 15-

minute gradient with water containing 0.2% formic acid (A) and acetonitrile containing 0.2% 

formic acid (B) was used at a flow rate of 0.3 mL/minute. Injection volume was 3 μL for all 

samples. Autosampler and column oven temperatures were maintained at 4℃and 50℃, 

respectively. Ionization was operated using an electrospray ionization (ESI) source. Data were 

collected in the positive ion mode with Analyst TF software version 1.7.1 (Sciex). The mass 

spectrometer was conducted in full-scan TOF-MS (m/z 100-1000) combined with information-

dependent acquisition (IDA) MS/MS modes, the collision energy was set as 15 ± 10 eV. Both 

ion source gas 1 and 2 were set to 50 psi. Curtain gas was set to 35 psi. The ionspray voltage 

floating was 5500V and temperature was 550℃. 

LC-MS/MS Analysis. Metabolite detection was performed on a 4500 QTRAP® mass 

spectrometer (triple quadrupole-linear ion trap) equipped with a TurboV ion source (Sciex). 

The mass spectrometer was coupled with an LC-20ADXR HPLC system (Shimadzu). DOXO 

and its metabolites were separated on a UPLC® BEH C18 (2.1×50 mm i.d., 1.7 μm; Waters) 

analytical column. The mobile phase was flowing at 0.35 mL/minute and composed of water 

containing 0.2% formic acid (A) and acetonitrile (B). The gradient elution mode was applied. 

Data was acquired and processed with the Analyst software version 1.6.3 (Sciex). Detection of 

the ions were operated in the positive multiple-reaction monitoring (MRM) mode. The ion 

transitions for analytes were monitored and summarized in Stable. 1. Ion source gas 1 and 2 
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were set to 55 and 60 psi, respectively. The temperature and ionspray voltage floating were 

550℃ and 5500 V, respectively. Curtain gas was at 40 psi. Collision gas was set at medium. 

The collision energy and declustering potential for all compounds were 27 and 65 eV. The 

MRM chromatograms for metabolic products in HLM, HLS9, human plasma and blank control 

under the above conditions were shown in SFig. 1.  
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Results 

LC-Triple TOF Analyses of DOXO and metabolites. To identify the unknown 

metabolites, we first used LC-Triple TOF to investigate the chromatographic behavior, 

characteristic ions and mass fragmentation pattern of DOXO. In the positive ion mode, DOXO 

was eluted at 6.7 minutes (SFig. 2A) with a protonated molecular ion at m/z 267.1085. The 

MS2 spectrum of DOXO exhibited major fragment ions at m/z 223.0814, 210.0867, 181.0712, 

166.0602, 138.0654, and 124.0494 (SFig. 2B). The tentative MS2 fragmentation pattern and 

identification of fragment ions were displayed in SFig. 2C. The fragment ion at m/z 223.0814 

was formed via the cleavage of two C-O bonds on the 1,3-dioxolane ring. The ion at m/z 

210.0867 was generated by the loss of tertiary amides from the A ring. The ions at m/z 181.0712 

and 124.0494 were the structurally diagnostic ions of TP. The ion at m/z 138.0654 was 

produced by the loss of 1,3-dioxolane ring from the fragment ion at m/z 210.0867. The m/z 

166.0602 ion was formed by the loss of tertiary amides from the ion at m/z 223.0814.  

Then we characterized the metabolites of DOXO in the HLM incubation system. A total of 

nine metabolites were detected, and six of them, M1, M2, M6, M7, M8, M9, were reported for 

the first time. The preliminary structures of these metabolites were examined. Among them, 

M1 was the most abundant metabolite. Six of these nine metabolites were derived from the 

metabolism of the C ring, including M1 (TA), M2 (TAA), M3 (TP), M4 (ETO), M5 (HET), 

and M9 (DOXO dehydrogenation product) (SFig. 3), and their structures were confirmed by 

standard references. The other three metabolites, M6, M7 and M8, were derived from 

metabolism on the A and B rings and were analyzed by ion fragment pattern to predict the 

structures and metabolic sites (SFig. 3). No glucuronide conjugate was detected in Phase II 

metabolism in HLM (SFig. 8). 

M1 was eluted at 5.1 minutes, and its protonated molecular ion was at m/z 223.0828 with 

elemental composition C9H10N4O3. The ion at m/z 241.0935 was the hydrated protonated ion 
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of M1. The ions at m/z 124.0499 and 181.0720 suggested that the A and B rings remained 

unchanged, and the ions at m/z 138.0660 and 195.0875 implied that the B ring was linked with 

a methyl group. Based on these observations, we hypothesized M1 to be TA. It was verified 

by a comparing of the chromatography and mass spectra between M1 and the reference 

standard of TA. The MS2 spectrum and the speculated molecular structure of M1 are shown in 

SFig. 3A.  

M2 was eluted at 4.65 minutes and the elemental composition was C9H10N4O4. Compared 

to DOXO, M2 was short of a C2H4. The precursor ion at m/z 239.0772 and its dehydration ion 

at m/z 221.0653 indicated that there was a hydroxyl group in M2. The ions at m/z 124.0495, 

138.0640, and 181.0708 suggested the presence of unmodified A and B rings. Thus, the 

dealkylation occurred on the 1,3-dioxolane ring and M2 was identified to be TAA (SFig. 3B). 

It was further confirmed by a comparison to the TAA reference standard.  

M3 was eluted at 4.67 minutes and exhibited a molecular ion peak at m/z 181.0714. The 

elemental composition of metabolite M3 was C7H8N4O2, identical to that of TP. The 

characteristic fragment ion was at m/z 124.0502. By comparing the chromatographic and MS 

behavior between M3 and the reference standard, we confirmed M3 to be TP (SFig. 3C).  

M4 was eluted at 5.24 minutes and showed a protonated molecular ion at m/z 225.0969 with 

elemental composition of C9H12N4O3, which suggested the loss of a C2H2O from the parent 

drug DOXO. The dehydration ion at m/z 207.0872 indicated the presence of a hydroxyl group 

in M4. The ions at m/z 124.0490 and 181.0713 implied that the metabolic reactions occurred 

on the 1,3-dioxolane ring. Therefore, M4 was proposed to be ETO, and it was confirmed by a 

comparison with the reference standard (SFig. 3D). 

M5 was eluted at 5.58 minutes with protonated molecular ion at m/z 283.1033. The elemental 

composition of M5 was C11H14N4O5, suggesting that it was monohydroxylated product of 

DOXO. M5 shared the same fragment ions with M2 at m/z 124.0502, 181.0711, 193.0712, 
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221.0656 and 239.0769 (SFig. 3E), indicating that the two compounds had similar chemical 

structure segment. The ion at m/z 265.0192 was a dehydrated ion. These observations 

collectively suggested that an oxygen atom was introduced into the 1,3-dioxolane ring, 

followed by a ring-opening reaction and dehydrogenation. In addition, a previous study showed 

that HET was the major metabolite of DOXO in RLM (Grosa et al., 1986). Taken together, we 

proposed M5 to be HET and it was confirmed by comparison with the chemically synthesized 

reference standard. 

M9 showed a [M+H] + ion at m/z 265.0923 with the elemental composition of C11H12N4O4. 

It was eluted at 6.36 minutes as a dehydrogenation product of DOXO. The presence of fragment 

ion at m/z 181.0710 indicated that the structure of the A and B rings remained intact and the 

dehydrogenation reaction occurred on the C ring (SFig. 3F).  

M6 was eluted at 5.84 minutes with the same elemental composition as M5 (C11H14N4O5). 

Unlike M5, the MS/MS spectrum of M6 had the fragment ion at m/z 197.0662 rather than 

181.0711 (SFig. 3G), suggesting that the oxygen was introduced to the A or B ring via a 

hydroxylation step. Considering the structural characteristics of the A and B rings and the 

metabolic sites of TP (Rodopoulos and Norman, 1997), this hydroxylation might occur at the 

C-8 position. This was also supported by the fact that no dehydration peak was found in M6. 

Of note, the peak area of M6 was less than 5% of the peak area of M5. 

M7 and M8 had the same element composition of C10H12N4O4 and were eluted at 5.18 and 

5.72 minutes, respectively. They possessed the same protonated molecular ions at m/z 253.092, 

which were 14 Da lower than DOXO, indicating that M7 and M8 were demethylated products 

of DOXO (SFig. 3H). The presence of the ion at m/z 167.0558 but not 181.0712 suggested that 

demethylation occurred at the N-1 or N-3 positions of the A ring. However, it was difficult to 

determine which demethylation product was dominant. In addition, the peak area of M7 was 

less than 5% of the peak area of M8. 
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The details for each metabolite, including retention time, accurate mass, molecular formula 

and fragmented ions were shown in Stable. 2. Reference standards of DOXO and the major 

metabolites, M1, M2, M4 and M5, were examined by HPLC, and the purity was quantified by 

peak area normalization method. The HPLC conditions and the chromatogram results were 

shown in STable. 3 and SFig. 4. The structures of these reference standards were characterized 

by high resolution mass spectrometry (HRMS) and nuclear magnetic resonance (NMR). The 

MS2 spectra and NMR data were shown in SFig. 5-7. 

Chemical stability of DOXO. We examined the chemical stability of DOXO and found that 

less than 0.1% DOXO was destroyed after a 60-minute incubation at 37℃ in 0.2% formic acid, 

and little M1 formation was detected under this condition. Thus, DOXO was chemically stable. 

The biochemical stability of DOXO was tested in following experiments. 

Metabolism of DOXO in liver microsomes. To better understand the mechanism of in vitro 

DOXO metabolism, we compared the metabolite profiles in liver microsomes among five 

different species. The nine metabolites identified in HLM were also present in liver 

microsomes of mouse, rabbit, rat and monkey, and no additional novel metabolites were 

detected.  

The metabolic rates of DOXO in different species was determined by LC-MS/MS. The 

formation of the four major metabolites, M1, M2, M4, and M5, were quantified. Due to the 

incomplete structure information and lack of reference standard compounds, the trace 

metabolites M8 and M9 were semi-quantitatively analyzed based on the calibration curve of 

M4. The typical calibration curves were shown in STable.4. The abundance of M3, M6, and 

M7 was extremely low in HLM, thus no further quantitative measurement was conducted. The 

metabolic rate was calculated based on the production of metabolites per milligram of protein 

per minute within a 2-hour incubation. The total rate of six metabolites for CyLM, RLM, RaLM, 

MLM and HLM was 888, 635, 555, 313, and 222 pmol, respectively (Fig. 2).  
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Among the five species, the total metabolic conversion rate of DOXO was the lowest in 

HLM, and the highest in CyLM. Based on the characteristic metabolite profile of each species, 

defined by the relative abundance of individual metabolite, the liver microsomal metabolism 

of the five species could be classified into two categories (Fig. 2): Type I was featured by one 

predominant metabolite M1, including HLM (87% M1) and RLM (88% M1). The only 

difference between HLM and RLM was that the amount of M5 in RLM was significantly higher 

than that in HLM. Type II was defined by the presence of two major metabolites, M1 and M4, 

including MLM (64% M1, 26% M4), CyLM (28% M1, 57% M4) and RaLM (31% M1, 62% 

M4). Of note, M1 was dominant in MLM, whereas M4 was dominant in CyLM and RaLM. 

What’s in common between Type I and Type II metabolism was that, all the major metabolites 

were mainly derived from the metabolism of the C ring, rather than the A or B ring.  

Metabolism of DOXO in human plasma. Three healthy volunteers were i.v. dripped with 

100 mg DOXO for 30 minutes, and the plasma samples were collected and analyzed by LC-

MS/MS. Four metabolites, M1, M2, M4 and M5, were quantitatively measured, whereas M8 

and M9 were subjected to semi-quantitative examination. The results showed that M2 and M4 

were the most abundant metabolites in plasma. The major in vitro product M1 in HLM was 

present at rather low abundance in plasma. M5, M8 and M9 were also present at trace amount. 

The plasma concentration-time curve for each metabolite was shown in Fig. 3.  

Then we compared the concentration-time curves between DOXO and its key metabolites 

M1, M2, and M4 (Fig. 3). The parent drug DOXO was quickly eliminated after i.v. drip, and 

the elimination rate was about 50 L/h. The Tmax for M1 and M2 was at 0.5h and 0.75h in all 

three volunteers; and the Tmax for M4 was at 1, 1.5 and 2h, respectively, in the three volunteers. 

The sequence of the peak times for these three major metabolites indicated that M1 and M2 

might be the initial or intermediate products in DOXO metabolism. 
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Identification of initial product in DOXO metabolism. To investigate the differences 

between in vitro and in vivo DOXO metabolism, we used DOXO, M1, M2, M4 or M5 as 

individual substrate (100 μM/each) and measured the formation of other compounds in HLM 

and HLS9 (Fig. 4).  

When DOXO was used as substrate (Fig. 4A), the total percentage of M1, M2 and M4 in 

final products was about 98% in both HLM and HLS9, whereas the total amount of M5, M8 

and M9 did not exceed 2%. In HLM, M1 accounted for 87% of the total metabolic products, 

while in HLS9, the ratio of M1 dropped to 26%. On the contrast, M2 and M4 together 

accounted for 11% of the total metabolites in HLM, and this ratio increased to 72% in HLS9, 

which was closely aligned with the in vivo data. These results indicated that the enzymes 

responsible for M2 and M4 formation were more likely to be in cytosol. Furthermore, when a 

broad-spectrum CYP inhibitor (1-ABT) was added to the HLM and HLS9 incubation systems, 

the production of M1, M2 and M4 was significantly reduced in both settings, suggesting that 

the formation of M2 and M4 was still liver microsomal system dependent. Based on these 

results, we proposed that, DOXO was metabolized to M1 by CYP enzymes, and M1 was further 

metabolized to M2 and M4 in cytosol. 1-ABT inhibited CYP activity to prevent the M1 

formation, hence indirectly reducing the formation of M2 and M4.  

To validate this speculation, we used standard references of M1, M2, M4, M5, the key 

metabolites produced in HLM, as substrates to investigate the continuous metabolism in HLS9. 

When M1 was used as the substrate (Fig. 4B), only M2 and M4 were detected in both HLM 

and HLS9, confirming that M2 and M4 were products of M1 metabolism. Of note, similar 

amounts of M2 (derived from M1 oxidation) and M4 (derived from M1 reduction) were 

produced. The total amount of M2 and M4 in HLS9 was about 8-fold of that in HLM, further 

demonstrating that the cytosol enzymes were required for the M1 → M2 + M4 conversion. 

While 1-ABT had little impact on the production of M4, it partially inhibited the metabolism 
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of M2, and exerted a non-specific inhibitory effect on M1 oxidation. Taken together, these 

results strongly suggested that DOXO can hardly be directly converted to M2 or M4 without 

being firstly converted to M1, and that the DOXO to M1 conversion was the rate-limiting step 

at the beginning of the metabolic reaction chain.  

When M2 or M5 was used as substrate, no above known metabolites or DOXO were detected 

in HLM or HLS9. When using M4 as the substrate, only trace amount of M1 was detected in 

HLM and HLS9 (data not shown). These results indicated that M2, M4 and M5 cannot 

interconvert with each other. More evidence were needed to validate that M2 and M4 were 

derived from M1. 

Enzymatic Kinetics. Since M1 is aldehyde, M2 is acid and M4 is alcohol, the M1 → M2 + 

M4 conversion is a dismutase-mediated reaction. To examine the effects of co-factors on this 

reaction, we characterized the enzymatic kinetics with the presence of either NADP+ or 

NADPH (Fig. 5). In the HLS9 system (0.1 mg/mL), the final concentration of M1 was within 

the range of 1~500 μM. When only NADP+ was added, after 6-minute incubation, the oxidation 

product M2 and reduction product M4 were present, and M2 production was much higher than 

M4; when NADPH was added, a totally opposite reaction pattern was observed, and the 

formation of M4 was much more than M2. The four kinetic curves associated with different 

co-factors and products all displayed non-Michaelis-Menten features. The Vmax (pmol/min/mg 

protein) and Khalf (μM) were calculated for these four kinetics curves (Fig. 5): Vmax = 2.23, Khalf 

= 20.5 (NADP+, M2), Vmax = 2.92, Khalf = 729.8 (NADP+, M4) (Fig. 5A-C), Vmax = 0.53, Khalf 

= 52.7 (NADPH, M2), Vmax = 5.53, Khalf = 362.5 (NADPH, M4) (Fig. 5D-F). These results 

suggested that multiple enzymes were involved in both the oxidation and reduction processes. 

Taken together, our data suggested that DOXO was firstly catalyzed by one or more 

microsomal CYP enzymes to produce M1, and M1 was subsequently dismutated to M2 and 
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M4 by cytosolic enzymes with the presence of NADP+/NADPH. The conversion relationship 

between DOXO and its major metabolites were shown in Fig. 6. 
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Discussion 

Drug metabolism research primarily focuses on: 1) The structure - metabolism relationship. 

This usually requires the comparison of a series of compounds sharing the same parental 

structure to map the characteristic metabolic sites and patterns mediated by a particular enzyme. 

2) The sequential metabolic reactions in a metabolic pathway. Starting with a single compound, 

the metabolism is often composed of a series of metabolic conversions, which might involve 

multiple enzymes and different metabolic routes, and produce a set of metabolites in sequential. 

Among the three methylxanthine derivatives, DOXO is featured by its distinct metabolic sites 

and pathways compared to CA and TP, hence could be considered as a model compound for 

drug metabolism study.  

The current understanding of the metabolic sites for methylxanthine derivatives is majorly 

from the research of CA and TP metabolism (Nehlig, 2018) . CA metabolism remains one of 

the earliest models to illustrate the sequential metabolism of methylxanthine derivatives in vivo 

(McKeague et al., 2016). CA is characterized by three methyl groups at the N-1, N-3, and N-7 

positions on the methylxanthine skeleton (A and B rings), and the N-3 site is the most labile. 

Demethylation on each of these three sites produces PX, TB or TP, and further demethylation 

could still happen on the rest of the methyl sites. Compared to TP, CA carries a methyl group 

on the N-7 position, which increases the lability of the N-3 site of the A ring. DOXO is featured 

by the cyclic acetal group (C ring) on the N-7 position, and previous studies have not explored 

how this substituent group affects the metabolic sites and activity of this compound. Our results 

demonstrated that, the C ring of DOXO largely changed the key metabolic sites. The 

metabolism of DOXO predominantly happened on the C ring and produced the six major 

metabolites of the nine. The other three minor metabolites were derived from demethylation 

on the A and B rings. In addition, the results of the chemical stability of DOXO showed that 

M1 formation detected in the incubation system was mediated by enzymatic catalysis. Based 
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on these evidence, we conclude that the methyl groups on the N-1, N-3 and N-7 positions 

interact with each other to collectively determine the demethylation pattern of CA, and the 

cyclic acetal group on the N-7 position dominantly guides the characteristic opening of the C 

ring of DOXO. The lability of these three compounds is ranked from high to low: DOXO > 

CA > TP. The lability of DOXO arises from the C ring rather than the A and B rings. This is 

further supported by the detection of trace amount of M6, M7 and M8 in DOXO metabolism. 

Previous studies on DOXO metabolism in human primarily focus on pharmacokinetics in 

vivo, and ETO has been identified as the major product (Matera et al., 2017). However, the 

understanding of the complete metabolic process, i.e. the DOXO to ETO conversion, is still 

limited. It’s suspected that DOXO might have been intentionally designed as a prodrug of ETO. 

However, there are no published data available regarding the design of DOXO compound 

based on our literature search. To fully investigate the DOXO metabolism, a systematic 

characterization of all metabolites and their conversion relationships using both in vivo and in 

vitro systems is required.  

In our study, we first characterized the metabolite profiles of DOXO in human liver 

microsomes, human liver S9 and human blood serum. In HLM, M1 was the predominant 

metabolite; while in human plasma, M2 and M4 were the major metabolites. In HLS9, the 

percentage of M1, M2 and M4 was 26%, 25% and 47%, respectively. Therefore, two 

hypotheses for the sequential metabolism of M1 (TA), M2 (TAA) and M4 (ETO): 1, oxidation: 

M4 (alcohol) is oxidized to M1 (aldehyde), and M1 continues to be oxidized to M2 (acid); 2, 

dismutation: M1 (aldehyde) is simultaneously oxidized to M2 (acid) and reduced to M4 

(alcohol). In the first scenario, M4 is the intermediate product of metabolism of DOXO, and it 

should be converted into M1 and M2 in the end. We used M4 as substrate in HLM and HLS9 

incubation, and intragastrical administered M4 in SD rat (data not shown). Only trace amount 

of M4 was reverted to M1, and there was no M2 signal at all. Therefore, M4 was concluded to 
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be the stable end product in both in vivo and in vitro systems, which in turn rejected the first 

hypothesis. The second scenario is that M1 could be directly dismutated into M2 and M4. In 

HLS9 incubation, we took M1 as substrate, and added NADPH generating system (with a 

mixture of NADP+ and NADPH) as co-factor. Results showed that M1 was converted to M2 

and M4. In addition, we demonstrated that M2 and M4 were not inter-convertible (Fig. 6). 

Therefore, M1 was validated as the initial metabolite in DOXO metabolism. Additional 

experiments were conducted to verify that without the formation of the initial metabolite M1, 

DOXO can hardly be directly metabolized to M2 and M4. We further demonstrated that in 

HLM and HLS9, the initial metabolism of DOXO was blocked by the broad-spectrum CYP 

inhibitor These data collectively confirmed the second hypothesis. Moreover, the metabolic 

rate for the DOXO to M1 conversion in HLM was 222 pmol/mg/min, whereas the rate for the 

M1 → M2 + M4 conversion in HLS9 was about 2000 pmol/mg/min. HLM is known to be 

concentrated by nearly 3-fold via centrifugation of HLS9 (Hakooz et al., 2006), therefore the 

metabolic enzymes converting M1 to M2 and M4 are present in non-HLM fractions of HLS9. 

The metabolic rate for the M1 → M2 + M4 conversion was roughly 30-fold of that for the 

DOXO to M1 conversion. Taken together, we concluded that the conversion from DOXO to 

M1 conversion is the rate-limiting step in DOXO metabolism.  

In addition, we also set up HLM mediated reactions in UGT incubation system, using DOXO, 

M2 and M4 as individual substrate, and we did not find any glucuronidation (SFig. 8).  

Aldehyde dismutation is a classical reaction, either spontaneous or catalyzed by dismutase. 

Our data validated that the dismutation of M1 was enzyme dependent, and it primarily 

happened in HLS9 with the presence of co-factors (Fig. 4B). Several aldehyde oxidases and 

reductases might have been involved in this process (Laskar and Younus, 2019). The 

preliminary experiment on HLS9 kinetics showed that, both oxidized (NADP+) and reduced 

(NADPH) co-factors could facilitate this dismutation reaction (Fig. 5). The difference was that 
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the presence of oxidized co-factor NADP+ majorly lead to oxidation product M2, whereas the 

reduced co-factor NADPH mostly lead to reduction product M4. Eadie-Hofstee plot was used 

to display the kinetic curves: two curves for the oxidation product M2 shared the similar pattern, 

although the co-factors were contrast between these two reactions. The same trend was 

observed for the other two curves for the reduction product M4 (Fig. 5). All these reactions 

exhibited the non-Michaelis-Menten feature, suggesting that multiple enzymes were involved 

in this dismutation process.  

To summarize, in human liver cells, the initiation of DOXO metabolism relies on the 

microsomal enzymes, especially CYP and the NADPH. Under pathological conditions, as the 

NADPH decreases, the initiation of DOXO metabolism, i.e. the formation of M1, could 

significantly slow down. Whether M1 stays stable or is metabolized to M2 and M4, is 

determined by the presence of dismutase, and the ratio of NADP+/NADPH in the cytosol (Fig. 

5).All these factors could contribute to the pharmacokinetic variability of DOXO among 

individuals and among different health conditions (Shukla et al., 2009).  

In conclusion, in this study we utilized in vitro and in vivo assay to identify and characterize 

the initial steps and key metabolites in DOXO metabolism. We systematically investigated the 

conversion relationships between DOXO and the abundant metabolites M1, M2 and M4. Our 

results showed that DOXO was firstly metabolized to M1 by CYP enzymes in liver microsomes, 

and M1 was subsequently converted to M2 and M4 by the dismutase in the cytosol. These 

findings laid the ground for future studies to elucidate the metabolic pathways of DOXO and 

the structure-metabolism relationships for methylxanthine derivatives. 
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Figure Legends 

Fig. 1. Schematic diagram of skeleton of methylxanthine derivatives. 

Fig. 2. Main metabolites of DOXO in liver microsomes of different species (HLM, MLM, 

RaLM, RLM and CyLM). Results are shown as the mean (n = 3). 

Fig. 3. Drug concentration-time curve of prototype and metabolites of DOXO after i.v. drip of 

100 mg DOXO in the plasma samples of 3 healthy human subjects. 

Fig. 4. Metabolism of DOXO and major metabolite M1 in HLM and HLS9. Results are shown 

as the mean (n = 2). (A) The effects of CYP broad-spectrum inhibitor 1-ABT and NADPH-

regenerating system on DOXO metabolism in HLM/HLS9 incubation system, and DOXO 

metabolism with the presence of NADPH-regenerating system only. (B) The effects of CYP 

broad-spectrum inhibitor 1-ABT and NADPH-regenerating system on M1 metabolism in 

HLM/HLS9 incubation system, and M1 metabolism with the presence of NADPH-

regenerating system only. 

*Incubation procedures followed SOP for phase I metabolism in vitro incubation. 

Fig. 5. The enzyme kinetics analysis and Eadie−Hofstee plot of M1 dismutation to M2 and M4 

in HLS9 with the presence of either NADP+ or NADPH. (A) The enzyme kinetic curve of M1 

react with NADP+ in HLS9, (B and C) and the Eadie-Hofstee plots of M2 and M4 of NADP+, 

respectively. (D) The enzyme kinetic curve of M1 react with NADPH in HLS9, (E and F) and 

the Eadie-Hofstee plots of M2 and M4 of NADPH, respectively.  

Fig. 6. Schematics of the relationship between the interconversion of DOXO and its main 

metabolites. (No known metabolites or DOXO were detected when M2 or M5 was used as a 

substrate at 100 μM) (SER, smooth endoplasmic reticulum) 

 metabolic conversion rate < 0.1% 
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metabolic conversion rate > 20% 
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Fig. 1. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
A                                                                            B                                                                            C 
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Fig. 6. 
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