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Metabolites profiling 
and pharmacokinetics of troxipide 
and its pharmacodynamics in rats 
with gastric ulcer
Hongbin Guo, Baohua Chen, Zihan Yan, Jian Gao, Jiamei Tang & Chengyan Zhou*

Troxipide is widely used to treat gastric ulcer (GU) in the clinic. However, a lack of systematic 
metabolic, pharmacokinetic and pharmacological studies limits its clinical use. This study aimed 
to firstly explore the metabolic, pharmacokinetic and pharmacological mechanisms of troxipide in 
rats with GU compared to normal control (NC) rats. First, metabolic study was perormed by a highly 
selective, high-resolution mass spectrometry method. A total of 45 metabolites, including 9 phase 
I metabolites and 36 phase II metabolites, were identified based on MS/MS spectra. Subsequently, 
the pharmacokinetics results suggested that the  Cmax,  Ka,  t1/2, AUC (0−t) and AUC (0−∞) of troxipide 
were significantly increased in rats with GU compared with NC rats. The  Vz,  K10 and absolute 
bioavailability of troxipide were obviously decreased in rats with GU compared with NC rats, and its 
tissue distribution (in the liver, lung and kidney) was significantly different between the two groups 
of rats. Additionally, the pharmacodynamic results suggested that the levels of biochemical factors 
(IL-17, IL-6, TNF-α, IFN-γ, AP-1, MTL, GAS, and PG-II) were significantly increased, the PG-Ӏ level 
was obviously decreased, and the protein expression levels of HSP-90, C-Cas-3 and C-PARP-1 were 
markedly increased in rats with GU compared with NC rats. The above results suggested that the 
therapeutic mechanisms underlying the metabolic, pharmacokinetic and pharmacological properties 
of troxipide in vivo in rats deserve further attention based on the importance of troxipide in the 
treatment of GU in this study, and these mechanisms could be targets for future studies.

Gastric ulcer, (GU) a common disease in the clinic, is a peptic ulcer that affects humans of all ages. It is associated 
with morbidity and mortality, and has become a medical-social problem of global importance that has received 
increased  attention1–4. The frequent occurrence of GU between the cardia and pylorus mainly results form tissue 
damage caused by digestive juices decomposing the gastric mucosa, especially near the lesser curvature of the 
stomach and gastric  antrum5–8. Currently, GU is a widely considered multifactorial disease because it is related 
to gastric acid, gastric pepsin, infection, physical fitness, environment, living habits and so  on9–11. If not treated 
adequately, GU can lead to serious complications such as perforation and  bleeding12–15. In addition, the acetic 
acid-induced GU in rats is most similar to GU in  humans16–20. Here, acetic acid-induced GU is more severe than 
other GU models (ethanol-, ligation- and reserpine-induced models), and is the most commonly used model 
for experimental research on  GU21,22. Moreover,this model is reproducible and reliable. Therefore, we selected 
a rat model of GU to evaluate relative studies of troxipide in the paper.

Troxipide (3,4,5-trimethoxy-N-3-piperidinyl, Fig. 1), a defensive factor-enhancing therapeutic agent for gas-
tritis and GU that exerts inhibitory, therapeutic and preventive effects to specifically those in the stomach by 
enhancing gastric mucosal blood flow and gastric mucosal defense factors and promoting tissue repair, blood 
circulation, metabolism and GU  repair23–25. It is used to alleviate gastric mucosal lesions (erosion, hemorrhage, 
redness, and edema) in the acute gastritis and acute exacerbation stages of chronic gastritis. Furthermore, trox-
ipide can inhibit neutrophil-mediated inflammation and oxidative stress to increase gastric mucus secretion, 
increase the contents of mucopolysaccharide and prostaglandin E2 and enhance the positive effect of the gastric 
mucosa on barrier  function26–28. And, the troxipide is soluble only at acidic pH and is mainly absorbed from 
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the  stomach29. However, few researchers have payed attention to the pharmacokinetic and metabolic process of 
troxipide. So, detailed studies on the metabolites, pharmacokinetics and therapeutic mechanisms of troxipide 
in rats with GU are lacking, limiting the clinical use of this drug.

Unsurprisingly, drug metabolism research in association with drug discovery and development has increased 
significantly. For many years, research on drug metabolism has been of utmost importance for drug research, 
development and application; the pharmacokinetic and toxicological properties of drugs confirm the importance 
of drug metabolism research and serve as drivers for further  research30. Meanwhile, drug metabolism also plays 
an important role in optimizing pharmacokinetics, pharmacodynamics, and safety properties, which could help 
researchers understand the major soft spots to the potential metabolism liability of a drug and optimize lead 
compounds for further development. The drug metabolism studies are requisite at different stages and these 
data are helpful to understand the routes of drug elimination as well as safety profiles in humans. In addition, 
drugs should be subjected to an array of biotransformation reactions, which can be accompanied by various 
effects, such as pharmacological or toxicological  activities31. The body commonly uses these biotransformation 
reactions as a major line of defense against  drugs32. Because of the biotransformation reactions impact on the 
fate of drugs as a whole, such as drug absorption, distribution, metabolism, excretion and toxicity. Therefore, 
in vitro and in vivo metabolic, pharmacokinetic and pharmacodynamic studies are essential parts of the drug 
discovery and development  processes33.

For further understanding of troxipide, we systematically studied the metabolic and pharmacokinetic of 
troxipide in rats with GU and normal control (NC) rats in the present study for further research and develop-
ment of troxipide in the clinic. To systematically investigate the major metabolites of troxipide in rats with 
acetic acid-induced GU, we first time evaluated metabolites in the feces and urine of rats with GU after oral 
administration of troxipide using the highly selective and high-resolution method of ultra-high-performance 
liquid chromatography quadrupole orbitrap mass spectrometry (UHPLC-Q-Orbitrap-MS). Then, we performed 
ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) to study the phar-
macokinetics of troxipide in vivo in rats with carbamazepine as an internal standard (IS). This assay has some 
merits, such as precise sample preparation, good linearity and specificity and negligible carryover. To obtain a 
systematic view of dissection of the plasma UHPLC-MS-based pharmacokinetics of troxipide, the above method 
was firstly applied to the pharmacokinetic study of troxipide in vivo in the present study as an effective evalu-
ation strategy for absorption and metabolism. In addition, we have also investigated the expression of relative 
apoptosis protein on pharmacodynamics in the paper. Overall, our study on the metabolic, pharmacokinetic 
and pharmacological effects of troxipide provide a foundation for the structural modification and dosage form 
design of troxipide. The outline of the workflow of this study was shown in Fig. 2.

Results and discussion
Metabolic study. Fragmentation behaviors of troxipide. Drug metabolism can produce metabolites with 
altered functional parameters such as clearance rate, absorption rate, biological activity and toxicity; thus, it is an 
opportunity to improve the odds of drug  discovery32. Because the metabolites exhibited similar structures to that 
of troxipide and because the biologically active conformation of troxipide was optimized during the biotransfor-
mation process, the metabolites may have a wide range of pharmacological  activities34. To study the structure of 
troxipide metabolites, Compound Discovery software, Mass Frontier software and manual elucidation were used 
to evaluate the fragmentation behaviors of troxipide metabolites. As shown in Fig. 3, troxipide  (C15H23N2O4) 
was protonated [M+H]+ with m/z 295.16 in the ESI–MS spectrum. In the ESI-MS2 spectra, the base peak at m/z 
195.07 yielded an [M + H-C5H12N2]+ ion through the loss of 3-aminopiperidine. The molecular ion at m/z 295.16 
also produced the product ion at m/z 84.08, which was a piperidine ring resulting from the loss of  C10H13O4N. 
Moreover, minor ions, including the [295.16-NH3]+ ion at m/z 278.14, [295.16-C5H12N2-C2H3O]+ ion at m/z 
152.05, [295.16-C5H12N2-C2H3O-CO]+ ion at m/z 124.05, and [295.16-C5H12N2-C2H3O–C3H2O3]+ ion at m/z 
109.06, were also observed in the ESI-MS2 spectrum. According to the fragmentation pattern of the parent 
compound, the two fragmentation pathways of troxipide are shown in Fig. S1. The main pathway involved two 
steps: amide bond cleavage and piperidine separation. The more clear the fragmentation of troxipide, the easier 
it was to identify the metabolites. The fragmentation pathways mentioned above could be adopted to precisely 
diagnose the structural skeletons and substitution patterns of metabolites in the complex matrices.

Figure 1.  The formula of troxipide.
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Identification of troxipide metabolites. The main metabolite total ion current (TIC) spectra of troxipide in rat 
plasma, feces and urine samples are shown Fig. 4. The data were processed using Compound Discovery software 
(generic peak finding, multiple mass defect filtering, isotope pattern matching, finding metabolites based on 
common product ions or neutral losses, searched Mass Lists, searched mzcloud and ChemSpider)35. Many pos-
sible metabolites and metabolic pathways were identified by this software by automatically comparing a sample 
collected after drug administration and a blank sample. Information on the metabolites, such as the formula, 
m/z, retention time (RT), peak area, and peak height, was provided by the software. In addition, this software 
provided some metabolic pathways and MS/MS fragments to determine accurate masses of different parts of 
troxipide for metabolite structural identification. This method shown some features such as shorter run time, 
sample preparation simplicity and so on, which has been successfully applied for detecting metabolites products 
of troxipide and could be practical and reliable for clinical, pharmacodynamics and does-dependent pharma-
cokinetic study of troxipide and its active metabolite.

Approximately 10,000 metabolites related to precursor ions were identified in the plasma, urine and feces of 
rats with GU compared with control rat plasma, urine and feces, and more than 2000 metabolites were screened 
by peak area filtering. Finally, in positive full scan mode, 45 metabolites from the urine and feces were successfully 
detected and verified by the fragmentation library of Mass Frontier software. The structures of the metabolites 
were determined based on precise mass measurements, drug biotransformation knowledge, and characteristic 
fragmentation pathways. The main biochemical reactions were oxidation, reduction, demethylation, glucuronide 
conjugation, palmitoyl conjugation and so on. For our knowledge, the 45 metabolites was reported for the first 
time, the LC–MS/MS spectra of these metabolites were showed in Fig. S2 and the basic information was listed 
in Table 1.

Here, we also showed the identification process on the following key metabolites of troxipide. Metabolites 4 
and 8 (M4 and M8) were derivatives of the parent drug and its fragmentation and were detected and identified in 
the urine and feces of the rats. The results are shown in Figs. 5 and 6. The metabolite M0 was eluted at 3.67 min, 
with an protonated [M + H]+ molecular ion at m/z 295.16, and the product ions were at m/z 195.07 and 84.08, 

Figure 2.  Workflow of the troxipide study.
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which was consistent with the results for troxipide. Therefore, M0 was confirmed to be troxipide. The [M + H]+ 
molecular ion of M4, which exhibited a mass that was 84 Da less than that of M0, was detected at m/z 211.21 at 
1.43 min. The characteristic MS/MS ions of M4 were at m/z 132.05 and 153.07. Based on the difference between 
its composition and that of the parent drug, M4 was determined to be a metabolite that was generated from M0 
through the loss of pyridine. The [M + H]+ molecular ion of M8, which had a RT of 0.69 min, was detected at m/z 
100.10, and the fragment ions were at m/z 84.08 and 56.05. According to its elemental composition and degree 
of unsaturation, M8 was surmised to be a metabolite resulting from amide bond cleavage of M0, as detailed in 
Supplementary Results and Discussion.

The proposed major metabolic pathways were present in the feces and urine of the rats, and small fractions 
of the compounds were distributed in the blood. In the feces, troxipide mainly underwent demethylation, dehy-
dration, hydration, reduction, oxidation, methylation, acetylation, palmitoyl conjugation, glycine conjugation, 
glycine conjugation, and arginine conjugation. These findings may be related to the intestinal flora in rats with 
 GU36,37. But, the metabolic reactions of troxipide in feces weren’t all agreement with that in urine. In the urine, 
troxipide mainly underwent demethylation, dehydration, desaturation, hydration, reduction, oxidation, meth-
ylation, acetylation, sulfation conjugation, glutamine conjugation, ornithine conjugation, glucoside conjuga-
tion, glutamine conjugation, glycine conjugation, and glucuronide conjugation. There results may be related 
to liver  metabolism38,39. Specially, oxidative metabolism is the most common mechanism of drug metabolism 
and involves a series of biochemical reactions that produce more readily excretable species. Much importance 
is given to cytochromes P450 (CYPs) in drug metabolism, and some medicinal chemists have prematurely sug-
gested that CYPs are the only significant enzymes in drug metabolism. The actions of CYPs dominate those of 
other oxidoreductases and account for approximately half of metabolite formation. Hydrolysis may produce 
approximately 1/10 of all metabolites, and the remaining reactions are attributed to conjugating enzymes. Glu-
curonosyltransferases are the most important enzymes, providing structural variety and allowing the forma-
tion of functional groups to which glucuronic acid can be conjugated, while sulfotransferases and glutathione 
S-transferases, methyltransferases, N-acetyltransferases, and other coenzyme-A transferases play lesser  roles40. 
On the above, different metabolites of troxipide may result from different metabolic pathways associating with 
oxidoreductases, hydrolytic enzyme and conjugating enzymes in the study. In addition, the blood was not a 
good matrix for monitoring exposure to troxipide metabolites in this study. Therefore, the findings of this study 
regarding troxipide metabolites in the blood have not done the further investigation.

Pharmacokinetics and tissue distribution study. Method validation. The method met the pertinent 
Food and Drug Administration (FDA) and European Medicine Agency (EMA) guidelines, indicating that the 
proposed analytical method is applicable for the pharmacokinetic study of troxipide. Furthermore, the results 
showed that this method can significantly improve the response of troxipide. This study is original and practical 
and will therefore provide a good foundation for further research on troxipide and its drug development in the 
future, as detailed in Supplementary Results and Discussion.

Figure 3.  The product spectra, fragmentation reaction and structure of troxipide in positive electrospray 
ionization mode.
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Pharmacokinetics study. UHPLC-MS/MS is currently one of the most useful methods for analyzing biologi-
cal samples due to its high sensitivity and selectivity. The validated UHPLC-MS/MS method was successfully 
applied to investigate the plasma concentration–time profile of normal control rats and rats with GU that 
received a single intragastric administration of 20, 40 or 60 mg/kg troxipide (the intragastrically treated normal 

Figure 4.  The TIC spectra of the main metabolites of troxipide in rat plasma, fecal and urine samples.
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Table 1.  Troxipide metabolites detected and structurally characterized on a UHPLC-Q-Orbitrap-MS. U, urine 
sample; F, fecal sample; P, plasma sample.

M0 C15H22N2O4 3.67 295.16523 295.1648

9

5.5 -0.344 295.18[M+H]+,278.14[M+H-NH3]+,195.07[M+H-C5H12N2]

+,152.05[M+H-C5H12N2-C2H3O]+,124.05[M+H-C5H12N2-C

2H3O-CO]+,109.06[M+H-C5H12N2-C2H3O-C3H2O3]+,84.08[

M+H-C10H13O4N]+

F, U

No. Metabolite Formula RT [M+H]+  

Cal. ions

[M+H]+  

Mea. 

ions

Error ppm (ESI+) MS/MS fragmentation Transformations Compos

ition 

Change

Souce

M1 C14H20N2O4 3.22 281.14929 281.1495

8

0.00029 -1.044 281.15[M+H]+,264.12[M+H-NH3]+,198.08[M+H-C5H9N]+

,181.05[M+H-C5H12N2]+,171.07[M+H-C6H10N2]+,84.08[M

+H-C9H11O4N]+,56.05[M+H-C9H11O4N-C2H2]+,

Demethylation -(C H2) F, U

M2 C13H18O4N2 0.81 267.13393 267.1336

1

5.5 -0.324 267.13[M+H]+,167.03[M+H-C5H12N2]+,157.05[M+H-C6H1

0N2]+,125.02[M+H-C5H12N2-CO-CH2]+,101.11[M+H-C8H6

O4]+,84.03[M+H-C8H6O4-NH3]+,56.07[M+H-C8H6O4-NH3-

C2H4]+

Demethylation -(C2 H4) F, U

M3 C12H16N2O4 1.12 253.11828 253.1180

6

-0.00022 -0.883 253.12[M+H]+,153.02[M+H-C5H12N2]+,101.11[M+H-C7H4

O4]+,84.08[M+H-C7H4O4-NH3]+,56.05[M+H-C7H4O4-NH3-

C2H4]+,

Demethylation -(C3 H6) F, U

M4 C10H13NO4 1.43 212.09173 323.1027

1

4.5 10.976 212.09[M+H]+,194.08[M+H-H2O]+,153.07[M+H-C2H3O2]

+,132.04[M+H-C5H6N]+,124.09[M+H-C2H2O3N]+,124.09[

M+H-C2H2O3N-C4H5O]+,

Reduction -(C5H9N

)

F, U

M5 C24H40O4 9.54 393.29993 393.2999 4.5 -0.036 393.30[M+H]+,375.33[M+H-H2O]+,361.27[M+H-H2O-CH2

]+,263.20[M+H-H2O-CH2-C6H10O]+,165.09[M+H-H2O-CH

2-C6H10O-C7H14]+,137.06[M+H-H2O-CH2-C6H10O-C7H14-C

2H4]+,123.04[M+H-H2O-CH2-C6H10O-C7H14-C2H4-CH2]+

Demethylation, 

Reduction, 

Palmitoyl 

Conjugation

-(N2) 

+(C9

H18)

F

M6 C9H11NO3 1.12 182.08116 182.0813

8

4.5 0.21 182.08[M+H]+,165.05[M+H-NH3]+,147.04[M+H-NH3-H2O

]+,136.08[M+H-CH2O]+,123.04[M+H-NH3-C2H2O]+,119.0

5[M+H-CH2O-NH3]+,95.05[M+HM+H-NH3-C2H2O-CO]+,

91.05[M+H-CH2O-NH3-CO]+,

Demethylation, 

Dehydration

-(C6 H11

N O)

F

M7 C9H11NO2 1.74 166.08625 166.0862

6

0.00001 0.029 166.09[M+H]+,120.08[M+H-CH4O2]+,93.07[M+H-CH4O2-

CHN]+,79.05[M+H-CH4O2-CHN-CH2]+

Oxidation, 

Dehydration, 

Methylation

-(C6 H11

N O2)

F

M8 C5H12N2 0.69 101.10733 101.1072

9

0.5 -0.035 101.11[M+H]+,84.08[M+H-NH3]+,56.05[M+H-NH3-C2H4]

+

Reduction -(C10

H10O4)

F, U

M9 C5H9NO2 0.88 116.0706 116.0703

6

-0.00004 -0.389 116.07[M+H]+,88.08[M+H-CO]+,70.07[M+H-CO-H2O]+, Oxidation, 

Hydration

-(C10

H13 N 

O2)

F, U

M10 C6H11NO2 0.89 130.08625 130.0863

3

0.00008 0.575 130.09[M+H]+,112.08[M+H-H2O]+,102.09[M+H-CO]+,84.

08[M+H-CH2O2]+,70.07[M+H-CH2O2-CH2]+,67.05[M+H-

CH2O2-NH3]+,56.05[M+H-CH2O2-CH2-CH2]+

Oxidation, 

Methylation

-(C9 H11

N O2)

F, U

M11 C5H11NO2 0.91 118.08625 118.0861

4

-0.00011 -0.975 118.09[M+H]+,101.06[M+H-NH3]+,83.05[M+H-NH3-H2O]

+,72.08[M+H-CH2O2]+,55.05[M+H-CH2O2-NH3]+

Oxidation, 

Hydration, 

(Reduction)

-(C10

H11 N 

O2)

F

M12 C6H14N2O 0.8 131.11788 131.1177

2

-0.00016 -1.294 131.12[M+H]+,114.09[M+H-NH3]+,100.08[M+H-NH3-H2O

]+,85.08[M+H-CH4ON]+,72.08[M+H-NH3-H2O-CO]+

Oxidation, 

Methylation

-(C9 H8 

O3)

F

M13 C7H14N2O 0.8 143.11788 143.1179 0.00002 0.072 143.12[M+H]+,126.09[M+H-NH3]+,84.08[M+H-NH3-C2H2

O]+,56.05[M+H-NH3-C2H2O-C2H4]+

Nitro Reduction, 

Glycine 

Conjugation

(Acetylation)

-(C8 H8 

O3)

F, U

M14 C7H14N2O3 0.8 275.10771 175.1077

1

0 -0.051 175.11[M+H]+,158.08[M+H-NH3]+,116.07[M+H-NH3-C2H

2O]+,112.08[M+H-NH3-CH2O2]+,98.05[M+H-NH3-CH2O2-

CH2]+,87.04[M+H-NH3-C3H5NO]+,70.07[M+H-NH3-CH2O

2-C2H4O]+

Oxidative 

Deamination to 

Alcohol, Glycine 

Conjugation

-(C8 H8

O)

F

OROR

OR
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Table 1.  (continued)

M15  C11H24N6O 3.65 295.16431 295.1648

6 

2.5 0.542 295.16[M+K]+,278.14[M+K-NH3]+,195.07[M+K-NH3-C5H

9N]+,124.05[M+K-NH3-C5H9N-CH3N3]+,84.08[M+K-NH3-

C5H9N-CH3N3-CH2ON3K]+, 

Oxidative, 

Arginine 

Conjugation 

-(C4 O3) 

+(H2 N4) 

F 

M16  C9H7NO2 3.63 162.05496 162.0548

7 

-9.00E-05 -0.525 162.05[M+H]+,134.06[M+H-CO]+,116.05[M+H-CO-H2O]

+,105.03[M+H-CO-CH3N]+,95.05[M+H-CO-C2HN]+,77.04

[M+H-CO-C2HN-H2O]+, 

Demethylation, 

Dehydration, 

Oxidation 

-(C6 H15 

N O2) 

U 

M17  C15H20N2O5 4.16 309.14449 309.1431

9 

-0.0016 -5.601 309.14[M+H]+,291.13[M+H-H2O]+,246.08[M+H-H2O-C2H

7N]+, 

212.09[M+H-H2O-C5H5N]+,195.07[M+H-H2O-C5H5N-NH3

]+,152.05[M+H-H2O-C5H5N-NH3-C2H3O]+,124.05[M+H-H

2O-C5H5N-NH3-C2H3O-CO]+,108.06[M+H-H2O-C5H5N-N

H3-C2H3O-CO2]+,98.06[M+H-C10H13O4N]+,79.05[M+H-H2

O-C5H5N-NH3-C2H3O-CO2-CHO]+, 

53.04[M+H-H2O-C5H5N-NH3-C2H3O-CO2-CHO-C2H2]+, 

Desaturation, 

Oxidation 

-(H2) 

+(O) 

U 

M18  C20H28N2O10 2.92 457.18167 457.1812

1 

-0.00046 -1.009 457.18[M+H]+,281.15[M+H-C6H8O6]+,264.12[M+H-C6H8

O6-NH3]+,199.06[M+H-C11H18O5N2]+,181.05[M+H-C6H8O

6-NH3-C5H9N]+, 

171.07[M+H-C6H8O6-NH3-C6H7N]+,110.04[M+H-C6H8O6-

NH3-C6H7N-C2H5O2]+,84.08[M+H-C6H8O6-NH3-C9H8O4]+,

56.05[M+H-C6H8O6-NH3-C9H8O4-C2H4]+, 

Demethylation, 

Glucoside 

Conjugation 

+(C5 H6 

O6) 

U 

M19  C13H22N2O5 3.26 287.15854 287.1601

4 

-0.0016 -5.601 287.16[M+H]+,157.10[M+H-C6H10O3]+,139.09[M+H-C6H1

0O3-H2O]+,115.09[M+H-C6H10O3-C2H2O]+,95.05[M+H-C7

H16O4N2]+,84.08[M+H-C6H10O3-C2H2O-NHO]+,74.07[M+

H-C6H10O3-C2H2O-NHO-CH2]+, 

Demethylation, 

Reduction, 

Hydration 

-(C2) 

+(O) 

U 

M20  C15H22N2O5 2.97 311.16104 311.1596

1 

-0.00053 -1.73 311.16[M+H]+,269.15[M+H-C2H2O]+,224.13[M+H-C2H2O

-CH3ON]+,154.09[M+H-C2H2O-CH3ON-C4H6O]+,140.07[

M+H-C2H2O-CH3ON-C4H6O-CH2]+,130.09[M+H-C2H2O-

CH3ON-C6H6O]+,84.08[M+H-C2H2O-CH3ON-C4H6O-CO2-

C2H2]+,67.05[M+H-C2H2O-CH3ON-C4H6O-CO2-C2H2-NH3

]+ 

Reduction, 

Acetylation 

+(O) U 

M21  C14H20N2O5 2.11 297.14449 297.1428

5 

-0.00164 -5.547 297.14[M+H]+,279.13[M+H-H2O]+,255.13[M+H-C2H3O]+

,210.11[M+H-C2H3O-CH3ON]+,192.10[M+H-C2H3O-CH3O

N-H2O]+,164.07[M+H-C2H3O-CH3ON-H2O-C2H4]+,126.05

[M+H-C2H3O-C6H11O2N]+,84.08[M+H-C2H3O-C7H9O4N]+

, 

Demethylation, 

Reduction, 

Acetylation 

-(C H2) 

+(O) 

U 

M22  C13H18N2O3 3.39 251.13902 251.1398

8 

0.00086 3.428 251.14[M+H]+,188.11[M+H-CH5O2N]+,166.09[M+H-C4H7

ON]+,146.06[M+H-CH5O2N-C3H6]+,120.08[M+H-C5H9O2

N]+,105.03[M+H-CH5O2N-C3H6-C2H3N]+,103.05[M+H-C5

H9O2N-NH3]+,84.04[M+H-C9H13O2N]+ 

Demethylation, 

Dehydration, 

Hydration 

-(C2 H4 

O) 

U 

M23  C14H21NO3 4.31 252.15942 252.1591

5 

-0.00027 -1.071 252.16[M+H]+,206.15[M+H-CH2O2]+,179.13[M+H-CH2O2

-C2H3]+, 

149.08[M+H-CH2O2-C2H3-C2H6]+,122.06[M+H-CH2O2-C2

H3-C2H6-C2H3]+,94.07[M+H-CH2O2-C2H3-C2H6-C2H3-CO]

+, 

Demethylation, 

Oxidation, 

Methylation 

-(C H N 

O) 

U 

M24  C12H18N2O5

S 

4.9 303.10091 303.0978

7 

-0.00304 -10.059 303.10[M+H]+,285.09[M+H-H2O]+,174.05[M+H-C2H11O3

NS]+,146.06[M+H-C2H11O3NS-CO]+,128.05[M+H-C2H11

O3NS-CO-H2O]+ 

Demethylation, 

Reduction, 

Sulfation 

-(C3 H4) 

+(O S) 

U 

M25  C9H11NO3 3.46 182.08116 182.0799

6 

-0.0012 -6.644 182.08[M+H]+,164.07[M+H-H2O]+,146.04[M+H-H2O-H2O

]+,136.08[M+H-H2O-CO]+,110.06[M+H-H2O-CO-C2H2]+,

92.05[M+H-H2O-CO-C2H2-H2O]+, 

Demethylation, 

Dehydration, 

Methylation 

-(C6 H11 

N O) 

U 

M26  C10H13NO2 4.11 180.10191 180.1017

3 

-0.00018 -0.973 180.10[M+H]+,152.11[M+H-CO]+,121.06[M+H-CO-CH5N

]+,105.03[M+H-CO-CH5N-CH3]+,92.05[M+H-CO-C3H6-H2

O]+,79.50[M+H-CO-CH5N-C2H2O]+ 

Demethylation, 

Dehydration, 

Desaturation, 

Methylation 

-(C5 H9 

N O2) 

U 

M27  C8H11NO3 1.04 170.08116 170.0809

3 

-0.00023 -1.41 170.08[M+H]+,152.07[M+H-H2O]+,134.06[M+H-H2O-H2O

]+,126.05[M+H-H2O-C2H2]+,79.05[M+H-H2O-H2O-C2HO

N]+ 

Demethylation, 

Desaturation, 

Methylation 

-(C7 H11 

N O) 

U 

No. Metabolite Formula RT [M+H]+  

Cal. ions

[M+H]+  

Mea. 

ions

Error ppm (ESI+) MS/MS fragmentation Transformations Compos

ition 

Change
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Table 1.  (continued)

M28  C8H9NO2 3.25 152.0706 152.0706

2 

2.00E-05 0.098 152.07[M+H]+,134.06[M+H-H2O]+,124.08[M+H-CO]+,11

0.06[M+H-CO-CH2]+,92.05[M+H-CO-CH2-H2O]+,65.04[

M+H-CO-CH2-H2O-CH]+ 

 

 

Demethylation, 

Dehydration, 

Methylation 

-(C7 H13 

N O2) 

U 

M29  C14H20N2O5 2.11 297.14449 297.1428

5 

-0.00164 -5.547 297.14[M+H]+,279.13[M+H-H2O]+,255.13[M+H-C2H3O]+

,210.11[M+H-C2H3O-CH3ON]+,192.10[M+H-C2H3O-CH3O

N-H2O]+,164.07[M+H-C2H3O-CH3ON-H2O-C2H4]+,126.05

[M+H-C2H3O-C6H11O2N]+,84.08[M+H-C2H3O-C7H9O4N]+

, 

Demethylation, 

Reduction, 

Glutamine 

Conjugation 

-(C H2) 

+(O) 

U 

M30  C6H13N 1.63 100.11207 100.1119

6 

-0.00011 -1.159 100.11[M+H]+,96.08[M+H-H4]+,83.09[M+H-NH3]+,56.07[

M+H-C3H8]+,55.05[M+H-NH3-C2H4]+, 

53.04[M+H-NH3-C2H4-H2]+ 

Reduction, 

Methylation 

-(C9 H9 

N O4) 

U 

M31  C5H9NO 1.79 100.07569 100.0756 -9.00E-05 -0.904 100.08[M+H]+,72.058[M+H-CO]+,56.05[M+H-C2H4O]+, Oxidative 

Deamination to 

Ketone 

-(C10 

H13 N 

O3) 

U 

M32  C10H20N4O3 1.03 245.16081 1451605

1 

-0.0003 -1.252 245.16[M+H]+,227.15[M+H-H2O]+,203.15[M+H-C2H2O]+

,175.11[M+H-C3H6N2]+,158.08[M+H-C3H6N2-NH3]+,140.0

78[M+H-C3H6N2-NH3-H2O]+,115.048[M+H-C3H6N2-C2H4

O2]+,70.07[M+H-C3H6N2-C2H4O2-CH3ON]+ 

Reduction, 

Glutamine 

Conjugation 

-(C5 H2 

O) +(N2) 

U 

M33  C11H18N2O7 4.73 291.11867 291.1200

9 

0.00142 4.852 291.12[M+H]+,273.11[M+H-H2O]+,162.04[M+H-H2O-C6H

9ON]+,130.05[M+H-H2O-C6H9ON-O2]+,84.04[M+H-H2O-

C6H9ON-O2-CH2O2]+, 

Reduction, 

Glucuronide 

Conjugation 

-(C4 H4) 

+(O3) 

U 

M34  C11H17NO5 2.78 244.11794 244.1177

2 

-0.00022 -0.939 244.12[M+H]+,226.11[M+H-H2O]+,208.11[M+H-H2O-H2O

]+,196.10[M+H-H2O-CH2O]+,164.07[M+H-H2O-CH2O-CH

4O]+,136.08[M+H-H2O-CH2O-CH4O-CO]+,124.08[M+H-H

2O-CH2O-C3H4O2]+,112.08[M+H-H2O-CH2O-C4H4O2]+,10

0.08[M+H-H2O-CH2O-C5H4O2]+,84.08[M+H-C6H8O5]+,81.

03[M+H-M+H-H2O-H2O-C6H9O2N]+ 

Oxidation, 

Glucoside 

Conjugation 

-(C4 H5 

N) +(O) 

U 

M35  C7H9NO3 1 156.06551 156.0654 -0.00011 -0.767 156.07[M+H]+,138.05[M+H-H2O]+,125.05[M+H-CH3O]+,

110.06[M+H-H2O-CO]+,82.05[M+H-H2O-CO-CO]+,62.04[

M+H-H2O-CO-CO-NH3]+ 

Oxidation, 

Glycine 

Conjugation 

-(C8 H13 

N O) 

U 

M36  C10H18N2O4 1.61 231.13393 231.1337

6 

-0.00017 -0.751 231.13[M+H]+,213.12[M+H-H2O]+,189.12[M+H-C2H2O]+

,171.11[M+H-H2O-C2H2O]+,143.12[M+H-H2O-C2H2O-CO]

+,126.09[M+H-H2O-C2H2O-CO-NH3]+,84.08[M+H-H2O-C

2H2O-CO-NH3-C2H2O]+,72.08[M+H-H2O-C2H2O-CO-C3H2

O]+ 

Oxidation, 

Ornitine 

Conjugation 

-(C5 H4) U 

M37  C6H9NO2 1.19 128.0706 128.0705

9 

-1.00E-05 -0.118 128.07[M+H]+,110.06[M+H-H2O]+,100.08[M+H-CO]+,84.

08[M+H-CO2]+,82.07[M+H-CO2-H2]+,67.05[M+H-CO2-N

H3]+,56.05[M+H-CO2-H2-CH2]+ 

Oxidation, 

Methylation 

-(C9 H13 

N O2) 

U 

M38  C6H11NO3 0.86 146.08116 145.0738

9 

-1.00727  146.09[M+H]+,128.08[M+H-H2O]+,104.07[M+H-C2H2O]+

,87.04[M+H-C2H2O-NH3]+,83.06[M+H-H2O-CH3ON]+,69.

03[M+H-C2H2O-NH3-H2O]+,60.06[M+H-C2H2O-CH2ON]+

,56.05[M+H-C2H2O-CH4O2]+ 

Oxidation, 

Methylation 

-(C9 H11 

N O) 

U 

M39  C7H9NO2 1.82 140.0706 140.0705

9 

-1.00E-05 -0.108 140.07[M+H]+,122.06[M+H-H2O]+,112.08[M+H-CO]+,98.

06[M+H-C2H2O]+,94.07[M+H-H2O-CO]+,86.06[M+H-CO-

C2H2]+,70.07[M+H-C2H2O-CO]+ 

Oxidative 

deamination to 

ketone, 

Acetylation 

-(C8 H13 

N O2) 

U 

M40  C6H13NO 0.84 116.10699 116.1068

7 

-0.00012 -1.039 116.111[M+H]+,98.10[M+H-H2O]+,84.08[M+H-H2O-CH2]

+,70.07[M+H-H2O-CH2-CH2]+,58.07[M+H-H2O-CH2-CH2-

CH2]+,56.05[M+H-H2O-CH2-CH2]+ 

Oxidative 

Deamination to 

Alcohol, 

Methylation 

-(C9 H9 

N O3) 

U 

M41  C6H13NO2 1.09 132.1019 132.1019

3 

3.00E-05 0.188 132.10[M+H]+,86.10[M+H-CH2O2]+,73.06[M+H-CH2O2-C

H3]+69.07[M+H-CH2O2-NH3]+,58.07[M+H-CH2O2-C2H4]+ 

Oxidative 

Deamination to 

Alcohol, 

Methylation, 

Oxidation 

-(C9 H9 

N O2) 

U 

No. Metabolite Formula RT [M+H]+  

Cal. ions

[M+H]+  

Mea. 
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Error ppm (ESI+) MS/MS fragmentation Transformations Compos
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control group (NCGIG) and intragastrically treated gastric ulcer group (GUGIG), respectively). The doses were 
selected based on the Chinese Guidance for Nonclinical Pharmacokinetics of Medicinal Products. To study the 
absolute availability, 40 mg/kg troxipide was administered intravenously. The mean plasma concentration–time 
profiles are presented in Fig. 7, and the noncompartmental pharmacokinetic parameters  (Cmax,  Tmax,  MRT(0−t), 
 MRT(0−∞),  VRT(0−t),  VRT(0−∞),  t1/2, K10,  Vz, AUC (0−t), and AUC (0−∞)) of all groups were calculated by DAS 2.0 
software and were shown in Table 2. The pharmacokinetics of troxipide in both NCGIG and GUGIG could be 
fitted to a two-compartment model.

The  Cmax,  Ka,  Vz,  K10,  t1/2, AUC (0−t) and AUC (0−∞) in the NCGIG were significantly different from those of 
the GUGIG after oral administration of troxipide (20 mg/kg, 40 mg/kg, 60 mg/kg); however, no significant 
differences in the  Tmax,  MRT(0−t),  MRT(0−∞),  VRT(0−t) and  VRT(0−∞) were found between the groups. The  Cmax 
(474.1675.487, 923.821 ± 134.033, 1545.947 ± 156.336 ng/mL) of the GUGIG was slightly increased (P < 0.05) com-
pared with the NCGIG (326.523 ± 63.865, 784.399 ± 123.09, 1,229.112 ± 213.197 ng/mL). The  Ka (0.039 ± 0.006, 

Table 1.  (continued)

M42 C7H13NO2 1.02 144.1019 144.1018

8

-2.00E-05 -0.175 144.10[M+H]+,127.09[M+H-OH]+,99.06[M+H-C2H5O]+,8

4.08[M+H-C2H4O2]+,70.07[M+H-C2H4O2-CH2]+,58.07[M+

H-C2H4O2-C2H2]+

Oxidative 

deaminated to 

alcohol, 

Acetylation

-(C8 H9

N O2)

U

M43 C8H13NO2 4.06 156.10191 156.1018

5

-6.00E-05 -0.354 156.10[M+H]+,110.06[M+H-C2H6O]+,86.10[M+H-C3H2O2

]+,82.07[M+H-C2H6O-CHO]+,69.07[M+H-C3H2O2-NH3]+,

55.05[M+H-C3H2O2-NH3-CH2]+

Oxidation , 

Methylation

-(C7 H9

N O2)

U

M44 C7H13NO3 1.25 160.09681 160.0967

6

-5.00E+0

5

-0.374 160.10[M+H]+,142.09[M+H-H2O]+,124.08[M+H-H2O-H2O

]+,112.08[M+H-H2O-C2H2O]+,98.06[M+H-H2O-C2H2O-C

H2]+,86.06[M+H-H2O-C2H2O-C2H2]+,70.07[M+H-H2O-C2

H2O-CH2-CO]+,58.07[M+H-H2O-C2H2O-C2H2-CO]+

Oxidative 

Deamination to 

Ketone,

Acetylation

-(C8 H9

N O)

U

M45 C7H11NO3 1.95 158.08116 158.0811

8

2.00E-05 0.065 158.08[M+H]+,140.07[M+H-H2O]+,116.07[M+H-C2H2O]+

,112.08[M+H-H2O-CO]+,98.06[M+H-H2O-CO-CH2]+,86.0

6[M+H-H2O-CO-C2H2]+,70.07[M+H-H2O-CO-CH2-CO]+

Oxidative 

Deamination to 

Ketone, 

Acetylation, 

Desaturation

-(C8 H11 

N O)

U

No. Metabolite Formula RT [M+H]+  

Cal. ions

[M+H]+  

Mea. 

ions

Error ppm (ESI+) MS/MS fragmentation Transformations Compos

ition 

Change

Souce

Figure 5.  Proposed metabolic pathway of troxipide in the feces of rats with GU.
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0.045 ± 0.005, 0.054 ± 0.006 1/min) of the GUGIG were significantly increased (P < 0.01) compared with the 
NCGIG (0.014 ± 0.002, 0.019 ± 0.002, 0.022 ± 0.003 1/min). More importantly, from the Concentration–time 
(C–t) curve the troxipide concentration in the GUGIG was slightly increased compared with that in the NCGIG, 
suggesting that troxipide was more easily absorbed into the blood of rats with GU than that of NC  rats41. The  Tmax 
of the GUGIG was not significantly different from that of the NCGIG, which suggested that the  Tmax not related to 
dose and disease; this result is consistent with the findings of Gao’s  report23. The  Vz (0.069 ± 0.012, 0.061 ± 0.008, 
0.064 ± 0.003 L/kg) of the GUGIG was significantly decreased (P < 0.01) compared with the  Vz (0.102 ± 0.015, 
0.117 ± 0.024, 0.123 ± 0.02 L/kg) of the NCGIG, which suggested that the drug was more slowly distributed in 
GUGIG rats than in NCGIG rats. The  K10 (0.007 ± 0.001, 0.012 ± 0.002, 0.015 ± 0.003 1/min) of the GUGIG 
were significantly decreased (P < 0.01) compared with the  K10 (0.012 ± 0.002, 0.018 ± 0.003, 0.024 ± 0.005) of the 
NCGIG. The  t1/2 (682.365 ± 113.857, 716.656 ± 138.357, 776.248 ± 110.877 L/min) of the GUGIG was significantly 
decreased (P < 0.01) compared with the  t1/2 (453.561 ± 85.809, 503.385 ± 90.600, 565.902 ± 112.531) of the NCGIG. 
The  K10 and  t1/2 results indicated that the excretion rate of the drug was decreased in the GUGIG compared with 
the NCGIG. The AUC (0−t) (117,685.099 ± 10,645.94 − 528,549.285 ± 28,947.109 μg/L min) and AUC (0−∞) (121,5
49.465 ± 9,918.633 − 548,524.618 ± 32,867.392 μg/L*min) of the GUGIG were significantly increased (P < 0.05) 
compared with the AUC (0−t) and AUC (0−∞) of the NCGIG, and these results were consistent with the  Cmax results. 
Furthermore, there were no significant differences in the  MRT(0−t),  MRT(0−∞),  VRT(0−t) or  VRT(0−∞) between the 
GUGIG and the NCGIG.

In addition, significant differences (P < 0.05) in the  Cmax,  VRT(0−t),  VRT(0−∞), AUC (0−t) and AUC (0−∞) were 
observed in the NCGIG after oral administration of different doses of troxipide (20 mg/kg, 40 mg/kg, 60 mg/
kg), but no significant differences in the  Ka,  Vz,  K10,  t1/2,  Tmax,  MRT(0−t) or  MRT(0−∞) were observed. Moreover, the 
 Cmax,  Ka,  Tmax,  Vz,  K10,  t1/2, AUC (0−t), AUC (0−∞),  MRT(0−t),  MRT(0−∞),  VRT(0−t) and  VRT(0−∞) were similar between the 
GUGIG and NCGIG after oral administration of different doses of troxipide. Linear regression analysis of the oral 
administration data (NCGIG and GUGIG) showed that the  Cmax was dose-dependent at concentrations between 
20 to 60 mg/kg, and the linear equations of the  Cmax in the NCGIG and GUGIG were y = 22.565x − 122.58, 

Figure 6.  Proposed metabolic pathway of troxipide in the urine of rats with GU.
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 R2 = 0.9999 and y = 26.795x − 90.478,  R2 = 0.9914, respectively (Fig. S4). There was a linear increase in the AUC 
(0−t) following oral administration of troxipide at the studied doses, and the linear equations of the AUC (0−t) in 
the NCGIG and GUGIG were y = 10272x − 85986,  R2 = 0.9998 and y = 24002x − 351378,  R2 = 0.9005, respectively 
(Fig. S5). The linear equations of the AUC (0−∞) in the NCGIG and GUGIG were y = 10674x − 90179,  R2 = 0.9998 
and y = 27825x − 451882,  R2 = 0.8844, respectively (Fig. S6). Thus, the  Cmax, AUC (0−t) and AUC (0−∞) of troxipide 

Figure 7.  The plasma concentration–time curve of troxipide. (A) The NCGIG profiles after oral 20, 40 and 
60 mg/kg troxipide; (B) The GUGIG profiles after oral 20, 40 and 60 mg/kg troxipide; (C) the NCGIV and 
GUGIV profiles after intravenous injection 40 mg/kg troxipide. *P < 0.05 and **P < 0.01 indicate statistically 
significant differences in GUGIV compared with that in the NCGIV after intravenous injection.

Table 2.  Pharmacokinetic parameters in the NCG and GUG rat plasma (x ± s, ng/mL). *P < 0.05; **P < 0.01, 
compared with 20 mg/kg in the NCG. #P < 0.05; ##P < 0.01, compared with 20 mg/kg in the GUG. +P < 0.05; 
++P < 0.01, compared with the same dose and administration in the NCG.

Unit

NC GU

IGLNC IGMNC IGHNC IVNC IGLGU IGMGU IGHGU IVGU

AUC (0−t) ng/mL min 117,685.099 ± 10,645.941 328,401.369 ± 34,148.983** 528,549.285 ± 28,947.109** 471,026.157 ± 29,839.445 220,780.166 ± 27,359.641++ 424,498.194 ± 33,398.016##++ 1,180,876.811 ± 211,944.621++ 890,543.171 ± 108,695.234++

AUC (0−∞) ng/mL min 121,549.465 ± 9,918.633 340,315.089 ± 32,473.007** 548,524.618 ± 32,867.392** 484,516.748 ± 30,279.257 27,359.641 ± 7,709.965++ 428,796.759 ± 33,699.626##++ 1,333,781.847 ± 199,053.201#++ 897,925.201 ± 105,998.307++

Cmax ng/mL 326.523 ± 63.865 784.399 ± 83.091** 1,229.112 ± 213.197** 6,855.744 ± 1,257.845 474.16 ± 75.487++ 923.821 ± 104.033##+ 1545.947 ± 156.336##++ 9,666.664 ± 1,040.381++

Tmax min 180.00 ± 0.00 180.00 ± 0.00 180.00 ± 0.00 5.00 ± 0.00 180.000 ± 0.000 180.00 ± 0.00 200.00 ± 30.98 5.00 ± 0.00

t1/2 min 453.56 ± 85.81 503.38 ± 90.60 565.90 ± 112.53 210.79 ± 39.33 682.36 ± 113.85++ 716.65 ± 138.35++ 776.248 ± 110.877++ 428.73 ± 60.64++

MRT(0−t) min 527.16 ± 94.18 540.44 ± 106.97 622.42 ± 116.77 198.66 ± 30.16 529.26 ± 96.54 578.16 ± 82.43 617.53 ± 124.23 345.25 ± 31.34++

MRT(0−∞) min 644.16 ± 108.00 704.16 ± 129.20 723.12 ± 128.71 246.24 ± 38.43 677.07 ± 89.26 768.87 ± 118.66 872.38 ± 142.51 577.07 ± 39.26++

VRT(0−t) min2 313,685.843 ± 21,475.069 400,932.399 ± 27,411.201** 528,911.098 ± 37,994.956** 105,439.586 ± 8,439.535 289,338.053 ± 22,390.161 392,313.407 ± 35,441.114## 530,205.293 ± 7,134.658## 78,199.978 ± 6,343.701++

VRT(0−∞) min2 597,386.345 ± 88,064.757 787,738.057 ± 75,689.412** 992,300.21 ± 153,863.791** 159,320.463 ± 18,482.736 540,628.627 ± 75,457.035 783,486.638 ± 59,120.039## 1,155,356.02 ± 106,135.933## 128,837.383 ± 16,109.524++

Vz L/kg 0.102 ± 0.015 0.117 ± 0.024 0.123 ± 0.021 0.039 ± 0.004 0.069 ± 0.012++ 0.061 ± 0.008++ 0.064 ± 0.003++ 0.012 ± 0.006++

Ka 1/min 0.014 ± 0.002 0.019 ± 0.002 0.022 ± 0.003 – 0.039 ± 0.006++ 0.045 ± 0.005++ 0.054 ± 0.006++ –

K10 1/min 0.012 ± 0.002 0.018 ± 0.003 0.024 ± 0.005 0.071 ± 0.012 0.007 ± 0.001++ 0.012 ± 0.002++ 0.015 ± 0.003++ 0.016 ± 0.003++

AUC (0−t)/AUC (0−∞) 96.79 ± 2.27 96.45 ± 1.86 96.40 ± 2.22 97.21 ± 0.65 98.47 ± 0.477 99.00 ± 0.30 88.64 ± 8.63 99.15 ± 1.83

Fa 70.51 ± 8.33 48.13 ± 4.90++
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were dose-dependent at concentrations between 20 to 60 mg/kg, indicating that the pharmacokinetic behavior 
of troxipide in rats was linear with respect to dose.

After intravenous injection of 40 mg/kg troxipide, the AUC (0−t), AUC (0−∞),  Cmax,  t1/2,  MRT(0−t),  MRT(0−∞), 
 VRT(0−t),  VRT(0−∞),  Vz and  K10 of the intravenously injected gastric ulcer group (GUGIV) were significantly 
different (P < 0.05) from the AUC (0−t), AUC (0−∞),  Cmax,  t1/2,  MRT(0−t),  MRT(0−∞),  VRT(0−t),  VRT(0−∞),  Vz and  K10 
of the intravenously injected normal control group (NCGIV). These results suggested that in this study, the 
pharmacokinetics of troxipide in were dramatically altered in rats with GU compared with NC rats, which is 
consistent with the results presented in Fig. 7.

The AUC (0−t)/AUC (0−∞) of the NCGIG and GUGIG were 96.40 ± 2.22% and 88.64 ± 8.63% (far higher than 
80.0%), respectively, which indicated that the time elapsed before blood sampling was sufficient to detect the 
pharmacokinetic parameters of troxipide with high accuracy and precision. Additionally, according to the above 
calculation, absolute bioavailability following oral administration in the NCGIG and GUGIG were 70.51 ± 8.33% 
and 48.13 ± 4.90%, respectively. The absolute bioavailability in the GUGIG was significantly decreased (P < 0.01) 
compared with that in the NCGIG, possibly due to the slower distribution and reduced excretion in the GU 
 rats42, 43. This study of the pharmacokinetics of troxipide may provide accurate and detailed support for further 
development and clinical application of this drug in the near future. Meanwhile, structural modifications, dosage 
form changes and drug combinations need to be further investigated to prevent adverse reactions to troxipide.

Tissue distribution study. Here, we performed the study of tissue distribution in heart, liver, spleen, lung, kid-
ney, brain, stomach, intestinal, pancreas by the above UHPLC-MS/MS method. The tissues distribution of trox-
ipide in the NCGIG and GUGIG after oral administration (40 mg/kg) are shown in Fig. 8. The results suggested 
that troxipide could be quickly detected in the organs of the rats after oral administration, which demonstrated 
that troxipide was rapidly distributed to a variety of tissues. Specifically, the trend of the change in troxipide con-
centration in most tissues was consistent with the pharmacokinetic behavior of the drug in the plasma. However, 
the distribution of troxipide in the brain, stomach and intestines was unique. Troxipide was barely detectable 
in the brain, which indicates that it cannot cross the blood–brain barrier or cause brain damage. In the NCGIG 
and GUGIG, the highest concentration of troxipide in the stomach and intestines was detected at 1 h, which was 
inconsistent with the pharmacokinetic behavior of troxipide in the plasma. These results may have been because 
the stomach and intestines are the main site of drug  absorption44. The pharmacokinetic behavior of troxipide in 
the GUGIG was significantly different from that in the NCGIG. For example, in the GUGIG, the highest con-
centration of troxipide in the liver, lung and kidney was observed at 3 h, but in the NCGIG, the highest troxipide 
concentration in the liver, lung and kidney was observed at 2 h. These results suggested that GU can cause poor 
absorption and membrane permeability in the liver, lung and kidney, which is consistent with the findings of 
Liu et al.45. The above reasons may be due to the absorption and distribution of patients obviously different from 
that of healthy human.

Pharmacodynamic study. Effect of troxipide on biochemical indexes and stomach histopathology in rats 
with GU. In the present study, body weight, food intake and water intake were recorded and measured dur-
ing the experimental period (Tables S8, S9, S10). Significant differences in body weight, food intake and water 
intake were observed between the normal control group (NCG) and the gastric ulcer group (GUG). However, 
in the rats with GU, these values gradually recovered to normal levels after troxipide administration for another 
2 weeks, which suggested that troxipide can have beneficial effects on rats with GU. The pathogenesis of GU is 
multifactorial and includes complex interactions between so-called aggressive and protective factors, in which 
inflammatory cytokines (such as IL-17, IL-6, TNF-α, IFN-γ and AP-1) play an important  role46–52. Before oral 
administration of troxipide, the plasma levels of cytokines (IL-17, IL-6, TNF-α, IFN-γ and AP-1) were signifi-
cantly increased in the GUG compared to the NCG (Fig. S7). Thus, inflammation and gastric mucosal damage 
levels were worse in the GUG than in the NCG due to the interaction among IL-17, IL-6, TNF-α, IFN-γ and 

Figure 8.  The tissue distribution of troxipide in the NCGIG (40 mg/kg) and GUGIG (40 mg/kg) after oral 
administration.
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AP-153–59. After 2 weeks of troxipide treatment, the levels of these cytokines in the troxipide-treated groups were 
significantly lower than those in the GUG (Fig. 9), suggesting that GU was significantly alleviated after oral 
administration of troxipide. Furthermore, high-dose troxipide (THG) had a more significant therapeutic effect 
than low-dose troxipide, indicating that troxipide alleviated GU in a dose-dependent manner.

Moreover, MTL, GAS, PG-Ӏ and PG-II are acknowledged as diagnostic markers of GU. MTL and GAS are 
important gastrointestinal hormone that can stimulate parietal cells to secrete hydrochloric acid and chief cells 
to secrete  pepsinogen60–63. PG-Ӏ and PG-II, which reflects the physiological or pathophysiological function of 
the gastric system, is secreted by the pyloric glands and Brunner’s glands as well as chief cells and mucous neck 
 cells64–68. Therefore, we investigated the levels of MTL, GAS, PG-Ӏ and PG-II in all groups. The levels of these 
markers before oral administration of troxipide are shown in Fig. S7. MTL, GAS and PG-II levels were increased 
(P < 0.05) in the GUG compared with the NCG, while the PG-Ӏ level was decreased (P < 0.05) in the GUG. These 
results are consistent with the findings of Suo, Cao and Ghoshal et al.69–71. The levels of MTL, GAS and PG-II 
were significantly decreased (P < 0.01, P < 0.01, and P < 0.01, respectively) and the PG-Ӏ level was significantly 
increased (P < 0.01) in the troxipide-treated groups compared with the GUG after 2 weeks of troxipide treatment. 
Consistently, in the GUG, the PG-Ӏ level was low, and the PG-II level was high; thus, the PG-Ӏ/PG-II ratio was 
reduced in the GUG compared to the NCG (Fig. 9), which is consistent with the findings of Ghoshal and Kumar 
et al.70,72. These results indicated that gastric injury occurred in the GUG.

Before troxipide treatment, there were significant differences between the NCG ang GUG at the macroscopic 
level (Fig. S8A). In the GUG, gastric injury, as evidenced by loss of mucosal folding, edema, hemorrhage, ulcer 
perforation and so on, was observed, which indicated that the model of GU had been successfully established. 
After 2 weeks of troxipide treatment, gastric injury was significantly reduced in the troxipide-treated groups 
compared to the GUG (Fig. 10A), suggesting that troxipide can alleviate gastric injury. The ulcer area and ulcer 
index are shown in Fig. 10D,E. The results suggested that the ulcer area and ulcer index were markedly increased 
(P < 0.01) in the GUG compared to the NCG, high-dose troxipide group (THG), medium-dose troxipide group 
(TMG) and low-dose troxipide group (TLG). Ulcer inhibition levels are shown in Table S11. Ulcer inhibition 

Figure 9.  MTL, GAS, TNF-α, PG-Ӏ, PG-II, IL-17, IFN-γ, AP-1 and IL-6 levels in the rat plasma after troxipide 
treatment. NCG, normal group (0.9% normal saline 10 mL kg−1 day−1); GUG, gastric ulcer group (5% 
acetic acid 10 mL kg−1 day−1); THG, high-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
60 mg kg−1 day−1); TMG, medium-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
40 mg kg−1 day−1); TLG, low-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
20 mg kg−1 day−1). Values are presented as means ± SD for all groups (n = 10). *P < 0.05 and **P < 0.01 indicate 
statistically significant differences when the GUG is compared with the NCG. #P < 0.05 and ##P < 0.01 indicate 
statistically significant differences when the troxipide treatment groups is compared with the GUG.
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was 100% in the NCG and 0% in the GUG. However, ulcer inhibition in the THG, TMG and TLG (89.3%, 69.2% 
and 43.8%, respectively) was significantly increased compared with that in the GUG. These results are consistent 
with the results of biochemical indexes presented above. Images of hematoxylin and eosin (H&E) staining prior 
to troxipide treatment are shown in Fig. S8B (100×) and Fig. S8C (400×). Edema, inflammatory infiltration, 
degeneration and necrosis were observed in the GUG but not the NCG. After 2 weeks of troxipide treatment, the 
extent of gastric injury in the troxipide-treated groups was markedly reduced compared with that in the GUG 
group (Fig. 10B,C). The H&E scoring results, which are in good agreement with the macroscopic observations, 
are shown in Fig. 10F. These results suggest that troxipide is effective in treating GU.

Effect of troxipide on the expression of the apoptosis‑related proteins HSP‑90, C‑Cas‑3 and C‑PARP‑1 in the stom‑
ach of rats with GU. Apoptosis and inflammation play a significant role in GU pathogenesis, and cell apoptosis 
in the gastric mucosa is closely related to  ulcers6,73,74. Therefore, the protein expression of HSP-90, C-Cas-3 and 
C-PARP-1 in the rats was also investigated. HSP-90 has been shown to induce apoptosis in various cells, and 
C-PARP-1 and C-Cas-3 are major apoptotic markers. HSP-90 is a heat shock protein that can promote the trans-
portation, folding, and rearrangement of other proteins as a “molecular chaperone”75,76. Many recent studies have 
reported that HSP-90 is induced when cells are exposed to sublethal stressors, such as inflammation, infection 
or  ischemia77,78. In our study, a small number of yellow/brown areas were observed in the tissues of rats from the 

Figure 10.  Macroscopic and microscopic analysis of stomach tissue after troxipide treatment. (A) Macroscopic 
analysis of GU after troxipide treatment. (B) Sections of the gastric mucosa (H&E staining) (100×). (C) 
Sections of the gastric mucosa (H&E staining) (400×). (D) Ulcer area. (E) Ulcer index. (F) Histological 
scores. NCG, normal group (0.9% normal saline 10 mL kg−1 day−1); GUG, gastric ulcer group (5% acetic 
acid 10 mL kg−1 day−1); THG, high-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
60 mg kg−1 day−1); TMG, medium-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
40 mg kg−1 day−1); TLG, low-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
20 mg kg−1 day−1). Values are presented as means ± SD for all groups (n = 10). *P < 0.05 and **P < 0.01 indicate 
statistically significant differences when the GUG is compared with the NCG. #P < 0.05 and ##P < 0.01 indicate 
statistically significant differences when the troxipide treatment groups is compared with the GUG.
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NCG, suggesting low expression levels of HSP-90. Thus, we speculated that HSP-90 levels would be upregulated 
(P < 0.01) in the GUG compared with the NCG, and the results were in agreement with our hypothesis. C-Cas-3, 
a protease with multiple functions, plays a key role in cell apoptosis and is responsible for the cleavage of  PARP79. 
Previous studies have shown that inflammation can activate the mitochondrial apoptotic pathway, thereby acti-
vating the caspase  cascade80. Our results demonstrated that troxipide downregulated (P < 0.01) the expression of 
C-Cas-3, as shown in Fig. 11A,B. C-PARP-1 cleaves PARP-1, which is a marker of apoptosis and is presumed to 
play a role in DNA  repair81–83. The protein expression rats of C-PARP-1 was significantly upregulated (P < 0.01) 
(Fig. 11A,B) in the GUG compared to the NCG, which is consistent with previous  studies84.

Overall, GU is the result of an interaction between inflammation and apoptosis. On the one hand, inflam-
matory factors (IL-17, IL-6, TNF-α, IFN-γ and AP-1) promote protein expression of HSP-90, C-Cas-3 and 
C-PARP-1 and further stimulate cell apoptosis to aggravate gastric injury. On the other hand, cell apoptosis also 
promotes inflammation and further aggravates gastric injury levels. Moreover, GU promotes changes in MTL, 
GAS, PG-Ӏ, PG-II and PG-Ӏ/PG-II levels (Fig. 11C). Thus, the above results indicate that troxipide alleviates GU 
by increasing the expression of inflammatory factors and apoptosis-related proteins.

Conclusion
In summary, for the first time, we studied the metabolism and pharmacokinetics of troxipide in rats with 5% ace-
tic acid-induced GU. The drug study on the disease rats was closer to the clinical application of the drug, because 
the pharmacodynamics mechanism of patients is obviously different from that of healthy human. A total of 45 

Figure 11.  Troxipide alleviated GU by regulating the expression of HSP-90, C-CAS-3 and C-PARP-1 in rats 
with GU. (A, B) The expression levels of HSP-90, C-CAS-3 and C-PARP in the stomach were evaluated by 
immunohistochemical staining (100×). (C) Possible pathways underlying the development of GU in vivo 
in rats. NCG, normal group (0.9% normal saline 10 mL kg−1 day−1); GUG, gastric ulcer group (5% acetic 
acid 10 mL kg−1 day−1); THG, high-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
60 mg kg−1 day−1); TMG, medium-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
40 mg kg−1 day−1); TLG, low-dose troxipide group (5% acetic acid 10 mL kg−1 day−1 + Troxipide 
20 mg kg−1 day−1). Values are presented as means ± SD for all groups (n = 10). *P < 0.05 and **P < 0.01 indicate 
statistically significant differences when the GUG is compared with the NCG. #P < 0.05 and ##P < 0.01 indicate 
statistically significant differences when the troxipide treatment groups were compared with the GUG.
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metabolites of orally administered troxipide were studied in vivo in rats for the first time. The pharmacokinetic 
parameters observed for troxipide were significantly different in GU rats when compared with NC rats.

Studying the pharmacokinetics and metabolism of troxipide is helpful for elucidating its potential pharma-
cological mechanisms and for its development as a drug for clinical  application85. Therefore, the metabolism, 
pharmacokinetics and pharmacodynamics of troxipide in vivo in rats deserve further attention due to the impor-
tance of troxipide in the treatment of GU in this study. Metabolic studies can provide comprehensive insight 
into safety monitoring and the design of drug delivery  systems86–89. Although the structures of the metabolites 
could not be determined conclusively by LC–MS/MS alone, the results significantly expanded our understanding 
of the pharmacological effects and therapeutic mechanism of troxipide and its associated metabolic pathways, 
and these metabolites could be targets for future studies on the structural modification of troxipide and further 
development of new drugs. This study provides an available strategy for identifying and characterizing meta-
bolic reactions in the further study. Here, we developed a simple, rapid and sensitive method for quantifying 
troxipide levels in biosamples, including plasma, urine, and fecal samples, that can be successfully used to study 
the pharmacokinetics of troxipide and its major metabolites in GU rats after oral administration in accordance 
with the guidelines of FDA, EMA and ICH . The data were complex and multifarious, and artificial intelligence 
and big data banks could be used to identify and characterize metabolites in the future.

The results of the pharmacokinetic study suggested that the absorption of troxipide was slightly increased, and 
the distribution and excretion of the drug were decreased in rats with GU compared with NC rats. The absolute 
bioavailability and tissue distribution of troxipide following oral administration were significantly different 
between rats with GU and NC rats. This study fills a gap in the literature and provides a theoretical basis for the 
reasonable use of troxipide for individualized therapy. In addition, this work also identified the main mecha-
nisms by which inflammatory factors and apoptosis are inhibited in the stomachs of rats with GU. Moreover, 
our macroscopic, microscopic and biochemical analyses demonstrated that enhancing blood circulation and 
metabolism at the site of GU can alleviate gastric mucosal injury and maintain gastric mucosal homeostasis.

Overall, this systematic and comprehensive study of the metabolism, pharmacokinetics and pharmacody-
namics of troxipide and its major metabolites in vivo in rats with GU provides important reference information 
regarding the clinical application of troxipide in the study.

Materials and methods
Chemicals and reagents. The chemicals and reagents of study were detailed shown in Supplementary 
Materials and Methods.

Animals and ethical statement. Male, Specific pathogen Free (SPF), 8–12 weeks old Sprague–Dawley 
(SD) rats of weighing 200 ± 20 g were obtained from the Vital River Laboratory Animal Technology (certification 
number: 11400700243083, license No. SCXK (Jing) 2016-0006, Beijing, China). All SD rats were maintained in 
pathogen-free facility standard cages at constant temperature (25 ± 2 °C) and humidity (55 ± 5%) with 12-h light/
dark cycle, and can access to water and food ad libitum. Moreover, all animals were acclimated in accordance 
to the above condition in the laboratory for 1 week prior to the experiments in this study. In all protocols and 
procedures, maintenance and treatment of the animal experiment were performed in accordance to guideline 
on administration of lab animals by State Council and National Institute of Health for the Care, and approved by 
Animal Ethical and Welfare Committee (AEWC) of Hebei University (He Bei, China; approval number: IACUC-
2018048 in 2018). All in all, all effects were made to alleviate unnecessary suffering and distress of animals.

Analytical methodology. UHPLC TSQ Altis MS instrument conditions. The ultra high performance 
liquid chromatography TSQ Altis tandem mass spectrometry system (UHPLC TSQ Altis MS) consisted of a 
Vanquish UHPLC system (Thermo Scientific, USA) and a Thermo Scientific TSQ Altis Triple Quadrupole mass 
spectrometry (Thermo Scientific, USA). The analytical column was an ACQUITY UHPLC BEH-C18 column 
(1.7 μm, 2.1 mm × 50 mm, Waters, USA). A binary mobile solvent composed of phase A (0.1% formic acid in 
water) and phase B (acetonitrile) at a flow rate of 0.3 mL/min. The procedure of gradient elution was as follows: 
5–5% B at 0–1.0 min, 5–100% B at 1.0–7.0 min, 100–100% at 7.0–10.0 min, 100–5% B at 10.0–10.2 min, 5–5% 
B at 10.2–12 min. The temperatures of column and auto-sampler room were maintained at 40 °C and 10 °C, 
respectively. The injection volume of the sample was 2 µL. The mass spectrometer was applied with electrospray 
ionization (ESI) source in selective reaction monitoring (SRM) mode. The optimized instrument parameters 
were shown as below: positive ion, 3,500 V; negative ion, 2,500 V; sheath Gas, 50 Arb; Aux gas, 23.2 Arb; sweep 
Gas, 0 Arb; ion transfer tube temperature, 52 °C; vaporizer temperature, 350 °C. The finalized precursor → prod-
uct transitions of troxipide and carbamazepine were m/z 295.072 → 195.071 and m/z 237.012 → 179.071, re-
spectively.

UHPLC‑Q‑Orbitrap‑HRMS instrument conditions. *The UHPLC-Q-Orbitrap-HRMS system was equipped 
with a Dionex Ultimate 3,000 UHPLC system (Thermo Scientific, USA) and a Q-Exactive hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Scientifiic, USA) with electrospray ionization (ESI). Chromatographic 
separation was performed using a ACQUITY UHPLC BEH C18 column (2.1 mm × 50 mm, 1.7 µm, Waters, 
USA) at 40 °C. Acetonitrile (phase A) and 0.1% formic acid in water (phase B) were used as the mobile phases 
at a flow of 0.35 mL/min. The procedure of gradient elution was as follows: 0–1 min, 5% A; 1–9 min, 5–100% 
A; 9–12 min, 100% A; 12–12.1 min, 100–5% A; 12.1–15 min 5% A. The injection volume of sample was 5 µL at 
4 °C. The Q-Exactive hybrid quadrupole-Orbitrap mass spectrometer was an analytical instruments of rapid, 
sensitive, precision and accuracy for detecting unknown metabolites in bio-logical samples by the following 
parameters: sheath gas 30 Arb, auxiliary 10 Arb, sweep gas 0 Arb, positive spray voltage + 3.5 kV, negative spray 
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voltage -2.8 kV, capillary temperature 320 °C, auxiliary gas heater temperature 300 °C and S-lens RF 50 V. The 
full scan mode of positive and negative were used by the apparatus under nitrogen conditions, and the ranges 
of full scan mode were from 50 to 1,200 m/z. All data were acquired under preset model, and processed using 
Compound Discovery (CD, Thermo Scientific, USA) and extracted mass spectrometry using Xcalibur 3.0 soft-
ware (Thermo Scientific, USA).

Preparation of calibration standard and quality control (QC) samples. A 100  µg/ml standard stock solution 
was prepared by dissolving 1.0 mg of accurately weighed troxipide in methanol in a 10-mL volumetric flask. 
The standard stock solution was serially diluted with methanol to obtain several standard working solutions 
with concentrations of 0.05, 0.15, 0.2, 0.4, 0.5, 1, 2, 5, 10, 50, 80 and 100 µg/mL. Plasma and tissue calibration 
standards were prepared by diluting the corresponding standard working solutions with blank rat plasma and 
tissue to concentrations of 5, 15, 20, 40, 50, 100, 200, 500, 1,000, 5,000, 8,000 and 10,000 ng/mL troxipide. The 
concentrations of the QC samples (plasma and tissue) were 15, 400 and 8,000 ng/mL troxipide. A 100 µg/ml IS 
stock solution was made by transferring approximately 1.0 mg of accurately weighed IS to a 10-mL volumetric 
flask and dissolving it in methanol. The IS stock solution was further diluted with methanol to obtain a 1 µg/mL 
IS working solution. All solutions and samples were immediately stored at 4 °C until analysis.

Sample preparation. Sample preparation of metabolite identification and pharmacokinetic study were 
detailed shown in Supplementary Materials and Methods.

Metabolism study. To investigate the major metabolites of troxipide, we performed a metabolic study. For 
this experiment, a rat model of GU (n = 20) was established successfully as described above by using 5% acetic 
acid (10 mL/kg/day). Each rat with GU was placed in a metabolic cage for 3 days before oral administration 
for the adaptation period. Then, the rats with GU were orally administered troxipide (40 mg/kg) (n = 10) or an 
equivalent volume of saline (n = 10). Blood samples (0.3 mL) from the orbital vein were collected in heparin-
ized tubes before administration and 15, 30, 60, 120, 240, 480, 720, 1,440, and 2,880 min after administration. 
The samples were centrifuged at 5,000 rpm for 10 min at 4 °C to obtain plasma. The urine and feces of each rat 
were collected between oral administration 0–48 h, and then the urine was centrifuged at 3,000 rpm at 4 °C for 
10 min. The supernatant was transferred to a new tube. All biological samples were stored at -80 °C until analysis.

Raw metabolic data were obtained by systematic analysis using UHPLC-Q-Orbitrap-HRMS. In brief, to 
identify the metabolites of troxipide, the base peak chromatograms of samples from troxipide-treated rats and 
saline-treated rats were analyzed and compared. The metabolic data were processed by Compound Discovery 
(Thermo Scientific, USA) software and Mass Frontier software (Thermo Scientifiic, USA).

Method validation. The methods were based on the FDA and EMA guidelines to determine troxipide in 
rat plasma and tissue by validating analytical method, as detailed in Supplementary Materials and Methods.

Pharmacokinetic study. 110 SD rats were randomly divided into two groups according to the average 
body weight: NCG (n = 55) and GUG (n = 55). The rats of GUG were orally administrated 5% acetic acid (10 mL/
kg/day) at 9.00 am for 2 weeks. Meantime, the rats of NCG were given an equivalent volume of saline.

Intragastric study. After 2 weeks, NCGIG rats (n = 30) and GUGIG rats (n = 30) were randomly divided into 
three groups. All rats were fasted for at least 12 h before the administration but were given free access to water. 
The NCGIG rats and GUGIG rats were weighed and given a single dose of 20 mg/kg, 40 mg/kg, or 60 mg/kg 
troxipide (10 mL/kg) via intragastric administration. The rat blood collection method used in our study was 
performed according to ICH guidelines and the guidelines of the Nonclinical Pharmacokinetics of Medicinal 
Products by National Medical Products Administration (NMPA) and was based on previous reports and our 
preliminary  studies90–92. The approximately 0.3 mL of plasma was collected from the orbital venous plexus of the 
NCGIG and GUGIG rats before administration and 15, 30, 60, 120, 180, 240, 360, 480, 600, 720, 1,440, 2,160, 
2,880 min after administration .

Intravenous study. After 2 weeks, NCGIV rats (n = 10) and GUGIV rats (n = 10) were weighed and intrave-
nously injected with a single dose of 40 mg/kg troxipide (10 mL/kg) via the tail vein to evaluate absolute avail-
ability. Approximately 0.3 mL of plasma was collected from the NCGIV rats and GUGIV rats before after intra-
venous injection and 5, 10, 30, 60, 120, 180, 240, 360, 480, 600, 720, and 1,440 min after intravenous injection. 
After collection, the plasma samples were immediately centrifuged at 3,000 rpm for 10 min at 4 °C, and the 
resulting supernatants were collected and stored at -80 °C until analysis.

Tissue distribution studies. NCGIG rats (n = 15) and GUGIG rats (n = 15) were randomly divided into five 
groups according to execution time. All rats were weighed and orally administered 40 mg/kg troxipide (10 mL/
kg). Then, the rats were sacrificed on ice before treatment or 60, 120, 180, 240 min after oral administration. Tis-
sues were quickly excised, carefully rinsed with saline (pH 7.0) to remove blood from the tissue surface, dried 
with filter paper and weighed. A total of 1.0 g of each tissue sample was accurately weighed (if the total weight of 
the tissue sample was < 1.0 g, the entire sample was used, and the precise weight was recorded) and homogenized 
with physiological saline (0.33 g/mL) by using a tissue homogenizer. Finally, all tissue homogenates were stored 
at − 80 °C until analysis.
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Pharmacodynamics study. After a week of acclimatization, Sprague–Dawley (SD) rats were randomly 
assigned to the NCG (n = 16) or GUG (n = 46). Prior to the initiation of troxipide treatment, the GUG rats were 
given 5% acetic acid (10 mL kg−1) by oral gavage every day at 9:00 am for 2 weeks. The NCG rats were orally 
administered an equivalent volume of saline. After 2  weeks, to investigate whether the GU model was suc-
cessfully established, 6 rats were randomly chosen from each group and sacrificed. Then, the GUG rats were 
randomly divided into the following four groups (n = 10): the GUG, THG, TMG and TLG. The rats in the GUG, 
THG, TMG and TLG groups were orally administered 5% acetic acid (10 mL kg−1) every day at 9.00 am for 
another 2 weeks. The rats in the TMG and TLG and THG were orally gavaged with 20 mg kg−1, 40 mg kg−1 or 
60 mg kg−1 troxipide every day at 4:00 pm. The rats in the NCG and GUG were orally administered an equivalent 
volume of saline every day at 4:00 pm. The dose of troxipide was calculated and adjusted according to a previous 
study and our preliminary experiment. All rats were given a normal diet and fresh water ad libitum throughout 
the experiment. After 2 weeks of troxipide treatment, the rats were fasted for 12 h and then anesthetized via 
intraperitoneal (ip) injection of 3% pentobarbital (40 mg/kg). Serum was collected and stored at -80 °C, and 
stomach tissue samples were collected after the rats were sacrificed, fixed in 10% formalin, rapidly frozen in 
liquid nitrogen and stored at -80 °C.

Enzyme-linked immunosorbent assay (ELISA) kits were utilized for measurement of rats serum of Motilin 
(MTL), Gastrin (GAS), Pepsinogen I (PG-I), Pepsinogen II (PG-II), Interleukin (IL-17), Interleukin (IL-6), 
Tumor Necrosis Factor (TNF-α), Interferon-γ (IFN-γ), Activator Protein (AP-1) following the manufacturer’s 
protocols. The above commercial assay kits were purchased from Jiangsu mbbiology biological technology Co., 
Ltd. (Jiangsu, China). And, we were investigated the ulcer area  (mm2), ulcer index and ulcer inhibition (%) in 
the rats in the study. The stomachs were inflated by injecting 10% formalin solution to fix the tissues overnight, 
and then opened along the greater curvature and photographed. The GU area  (mm2) was calculated by the 
longest lengthand  (d1) and width  (d2) of the ulcer using the following equation: S = π(d1/2)× (d2/2) , where 
S represents the ulcer area  (mm2). And, the gastric tissues were directly observed to determine the ulcerative 
lesion index according to the severity of GU lesion scoring system. The ulcer index of each rats were calculated 
in accordance to the scoring criteria of ulcer index (Table S12). Then, the inhibition of ulceration was computed 
using follow equation:

To further investigate the stomach injury, the hematoxylin and eosin (H&E) staining was performed in this study. 
The stomachs from 10% formalin were embedded in paraffin after dehydration by ethanol, xylene transparent. 
The paraffin sections (5 µm) were acquired using a microtome (HM340E, Thermo Scientific, Germany) and 
were stained with hematoxylin and eosin. The sections were observed by light microscope for histopathological 
changes. The tissue sections were graded according to the lesion scoring system by Gamberini  algorithm4. The 
relative scoring criteria of H&E staining are also listed in Table S12. To evaluate the effect of troxipide, we assessed 
the expression of heat shock protein 90 (HSP-90, immunoway, USA, YT5327), Cleaved-Caspase-3 (CCAS-3, 
immunoway, USA, YC0006YT5327) and cleaved poly (ADP-ribose) polymerase-1 (C-PARP-1, Beijing bioss 
biotechnology Co., Ltd) in stomach tissue sections by immunohistochemistry (IHC). The paraffin-embedded 
rats stomach sections were prepared by a routine procedure. The staining and the images analyses for IHC were 
performed according to previously described methods and our preliminary  studies93–95. Briefly, paraffin sec-
tions (5 µm) of the rats stomach were used to analyze IHC with polyclonal antibody of HSP-90, CCAS-3 and 
C-PARP-1. Firstly, the paraffin sections were incubated with primary antibody at 4 °C all night. After washing, 
the sections were incubated with secondary antibody and the DAB kit (Bei jing bioss biotechnology Co., Ltd) 
was used to stain tissue sections. Then, the sections in each group (n = 10) were observed with light microscopy 
(ZEISS Primo Start, Germany). For each slice, at least 20 regions were randomly selected and the correspondin 
micrographs were captured with magnifications of 100. Subsequently, the positive staining of the images was 
observed using the software Image Pro Plus 6.0 (Media Cybernetics, USA). Later, the expression of proteins 
was demonstrated by the ratio of integral optical density (IOD). IOD = average optical density × positive area. 
Bar graphs in this point were performed with OriginLab Origin Pro.2019b (Northampton, MA 01060, USA).

Data analysis. Pharmacokinetic parameters of troxipide were calculated by the pharmacokinetic software 
Drug and Statistics 2.1 vision (Mathematical Pharmacology Professional Committee of China, Shanghai, China). 
The maximum concentration  (Cmax) and time to reach  Cmax  (Tmax) were directly obtained from pharmacokinetic 
concentration–time data. The area under the concentration–time curve to the last measurable concentration 
point (AUC (0−t)) was evaluated by the linear trapezoidal rule, and the AUC (0−∞) was calculated as following equa-
tion: AUC (0−∞) = AUC (0−t) + Ct/Ke, where the Ct was the last concentration of detectable and the Ke was a con-
stant of terminal elimination. Moreover, the elimination half-life  (t1/2), mean residence time (MRT), variance of 
residence time (VRT), elimination constant  (K10) and absorption constant (Ka) of the drug were all determined. 
The absolute bioavailability (Fa) was calculated using the formula:

where i.g. and i.v. were intragastric and intravenous of troxipide, respectively. All results of tables and figures are 
expressed as the mean ± standard deviation (SD). Statistical analysis was conducted by using the SPSS software 
version 22.0 (SPSS Inc., Chicago, IL, USA). The differences of the experiment groups were analyzed using one-
factor analysis of variance (ANOVA) followed by a Tukey’s post hoc test. A significant difference was accepted for 

Ulcer Inhibition (%) =
Ulcer Area (GUG group)− Ulcer Area (Troxipide group)

Ulcer Area (GUG group)
× 100%

Fa(%) = (AUCi.g. × Di.v.)/(AUCi.v. × Di.g.)× 100%
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all tests at a level of P < 0.05 or P < 0.01. In additionally, all charts and figures were performed by using OriginLab 
Origin Pro. 2019b (Northampton, MA 01060, USA).
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