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ABSTRACT 

Ursolic acid is a pentacyclic triterpenoid that has anti-cancer activities. Oral administration 

of ursolic acid is difficult because of its low bioavailability. Therefore, a prodrug of ursolic 

acid has been synthesized through esterification to increase its bioavailability. Ursolic acid 

and its prodrug were studied to sensitize bladder cancer cells that are made resistant to 

conventional chemotherapy drugs like gemcitabine and cisplatin. In this study, an LC-MS 

method was developed to accurately quantify ursolic acid and its prodrug in rat plasma 

as part of a pharmacokinetic study.   
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CHAPTER 1 

LITERATURE REVIEW 

Bladder Cancer  

The National Institutes of Health estimates that there will be more than 80,000 new 

cases of bladder cancer by the end of 2022 in the United States. Deaths caused by 

bladder cancer are more prevalent in men, accounting for almost 75% of all bladder 

cancer cases (Key Statistics for Bladder Cancer, 2022). However, women often present 

with more advanced stages of bladder cancer and have lower survival rates than men 

(Dobruch et al., 2016). Not only is there a disparity in the prevalence of bladder cancer 

between sex, but there is also a disparity between race; the presence of bladder cancer 

among white males is twice that of black males (Cancer Facts & Figures 2022, 2022). 

Age also plays an important role. People 55 years or older constitute 90% of bladder 

cancer cases and on average are diagnosed with bladder cancer when they are 73 years 

old (Key Statistics for Bladder Cancer, 2022). Risk of bladder cancer can be reduced by 

maintaining a healthy weight and minimizing or quitting the use of smoking tobacco and 

alcohol (Dobruch & Oszczudłowski, 2021). Quitting smoking is especially beneficial as 

carcinogens in tobacco smoke were responsible for nearly half (47%) of all bladder cancer 

cases in the United States (Cancer Facts & Figures 2022, 2022).  

Urothelial carcinoma, cancer in the urothelial cells of the bladder, comprises 

approximately 90 to 95% of all bladder cancer cases (Martin et al., 2016). The other 5 to 

10% are non-urothelial bladder cancer types and primarily consist of squamous cell 

carcinoma (2%), adenocarcinoma (1%), and small cell carcinoma (<1%) (Chalasani et al., 
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2009). Urothelial carcinoma can be further separated into non-muscle-invasive bladder 

cancer or muscle-invasive bladder cancer (Woldu et al., 2017).  

Common tests to diagnose and confirm the presence of non-muscle-invasive 

bladder cancer are cystoscopy, urinary cytology, urine-based biomarkers, and 

transurethral resection of the bladder tumor. Although cystoscopy is an effective 

diagnosis tool for bladder cancer, there are also drawbacks. Since the medical procedure 

require the insertion of a cystoscope into the urethra to detect cancer cells inside the 

bladder, cystoscopy is considered an invasive method and can cause patients significant 

discomfort (Łaszkiewicz et al., 2021). Severe side effects include burning sensation 

during urination, hematuria, and blood clots (Matulewicz et al., 2017).  

A non-invasive alternative to cystoscopy is urinary cytology. Cells collected from a 

urine sample are examined under a microscope for the presence of bladder cancer cells, 

but it is not as effective as cystoscopy. It has relatively high sensitivity for high-grade 

urothelial carcinoma (84%), but severely lacks the sensitivity for low-grade urothelial 

carcinoma (16%) (Yafi et al., 2015). Therefore, urinary cytology is most effective when 

used as a supplement to cystoscopy.  

In the past few years, FDA-approved urine-based biomarkers have become 

commercially available. Although sensitivity and specificity vary depending on the 

biomarker, they typically offer higher sensitivity, but lower specificity than urinary cytology 

(Oliveira et al., 2020). A study comparing ImmunoCyt test to urinary cytology found that 

the sensitivity of the test and urinary cytology was 84 and 44% respectively and 75 and 

96% for specificity (Mowatt et al., 2010). In the near future, urine-based biomarkers may 

potentially replace urinary cytology (Schmitz-Dräger et al., 2008).  
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Transurethral resection of bladder tumor (TURBT) can function not only as a 

diagnosis tool, but also as a treatment for early stages of bladder cancer. In TURBT, a 

resectoscope is inserted into the urethra either under a general or regional anesthesia to 

remove abnormal tissue samples detected inside the bladder for further testing (Bladder 

Cancer Surgery, 2019).  

Diagnosis results are often organized by stages which are differentiated by the 

progression of the disease. Stage 0 describes bladder cancer that is only present in the 

transitional epithelium, also known as urothelium (Treatment of Bladder Cancer, by Stage, 

2021). When bladder cancer grows towards the hollow center of a bladder, it is referred 

to as non-invasive papillary carcinoma (Ta), or stage 0a. If bladder cancer grows in the 

opposite direction deeper into transitional epithelium, it is called flat non -invasive 

carcinoma (Tis), or stage 0is (Treatment of Bladder Cancer, by Stage, 2021; What Is 

Bladder Cancer?, 2019).  

Both stage 0a and 0is are first treated with TURBT in combination of fulguration, 

which uses heat generated from electric current to eradicate tumors (NCI Dictionaries; 

Treatment of Bladder Cancer, by Stage, 2021). Next steps in treatment vary depending 

on the grade and the type of stage 0 tumor. Intravesical chemotherapy is typically 

performed several weeks after TURBT for a low-grade Ta tumor (Porten et al., 2015). As 

for high-grade Ta tumors and Tis tumors, intravesical Bacillus Calmette-Guérin is 

performed within 24 hours of TURBT (Treatment of Bladder Cancer, by Stage, 2021).  

Bacillus Calmette-Guérin immunotherapy, or BCG was originally used to prevent 

tuberculosis and had been used since the 1970s for bladder cancer (Lobo et al., 2021). 

Lamm et al. reported that patients who received BCG immunotherapy had lower rates of 
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tumor recurrence than patients that received only surgical therapy (17% vs 42%) (Lamm 

et al., 1980). Using BCG has also shown to lower the chance of tumor recurrence more 

than mitomycin C, a chemotherapeutic agent (Böhle et al., 2003; Malmström et al., 2009; 

Shelley et al., 2004). 

If bladder cancer spreads to the lamina propria of the bladder, it is classified as 

stage I, or stage T1 (Yun et al., 2016). TURBT is still given as the initial treatment and a 

second one a month later whether it is a low-grade or high-grade T1 bladder cancer. 

(Nepple & O'Donnell, 2009). Afterwards, urologists must choose between intravesical 

BCG and cystectomy depending on the severity of the stage T1 bladder cancer.  

Intravesical BCG is ideal for low-grade T1 bladder cancer even though the 

recurrence rate after intravesical BCG is 20% to 40% among patients with non-muscle-

invasive bladder cancer because the risk that the cancer will progress farther is low (de 

Jong Florus et al., 2021). Although intravesical BCG can also be used for high-grade T1 

bladder cancer, its use can be risky. van der Meijden et al. reported 20% of patients had 

to stop intravesical BCG therapy due to side effects such as cystitis, hematuria, general 

malaise, skin rash, and fever (van der Meijden et al., 2003). Time spent on intravesical 

BCG could have been used to perform radical cystectomy from the very start and lower 

the risk of high-grade T1 bladder cancer progression (Bochner, 2009).  

Radical cystectomy procedures differ slightly by sex, but in general involve the 

removal of the bladder. The prostate is removed in men while reproductive organs are 

removed for women (Aminoltejari & Black, 2020). Because of the removal of the bladder, 

urinary diversion is required to redirect the flow of urine and the options range from 

ureterosigmoidostomy, conduits, continent cutaneous diversions, and orthotopic 
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neobladders (Lee et al., 2014). As radical cystectomy is a life-altering surgery, careful 

considerations must be made beforehand. 

Bladder cancer is classified as stage II once the cancer has breached the muscle 

tissue of the bladder (NCI Dictionaries). Stage II is separated into T2a and T2b based on 

the severity of the breach. Survival rate for T2a is higher than T2b 5 years after treatment 

(70.6% compared to 65%) because the cancer hasn’t spread farther into the muscle 

layers (Boudreaux Kelly et al., 2009). Bladder cancer is beyond stage II if cancer has 

already spread to the paravesical fatty tissue and/or to adjacent tissues, organs, or lymph 

nodes (16).  

From stage II and onwards, TURBT becomes ineffective as a treatment procedure 

and is only used as a diagnosis tool (Richterstetter et al., 2012). Instead, radical 

cystectomy, radiation, and chemotherapy are the suggested treatment procedures. 

Clinical trials have shown previously that the combination of chemotherapy and 

radiotherapy instead of solely chemotherapy after radical cystectomy increased the 

locoregional recurrence-free survival rate from 69% to 96% (Zaghloul et al., 2018).  

Chemotherapy drugs are often given in combinations. Common combinations of 

chemotherapy drugs include: 1) gemcitabine and cisplatin (GC) and 2) methotrexate, 

vinblastine, doxorubicin, and cisplatin  (MVAC). GC has slightly lower survival rate than 

MVAC at 13% compared to 15.3% based on a clinical trial conducted on patients with 

locally advanced or metastatic transitional cell carcinoma of the urothelium (von der 

Maase et al., 2005). However, GC is preferred because it has lower toxicity than MVAC. 

MVAC was associated with higher cases of grade 3 and 4 mucositis (22% compared to 

1%), grade 3 and 4 neutropenia (82% compared to 71%), neutropenic fever (14% 
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compared to 2%), neutropenic sepsis (12% compared to 1%), and alopecia (55% 

compared to 11%) (von der Maase et al., 2000).  

Unfortunately, subclonal mutation of bladder cancer cells with chemotherapy 

resistance can proliferate and cause conventional chemotherapeutic drugs to be 

ineffective (Jamal-Hanjani et al., 2015). A heavily expressed gene in bladder cancer 

called GHET1 upregulates the ABCC1 gene to induce gemcitabine resistance (Li et al., 

2019). Xiong et al. has shown that the KNSTRN gene activates AKT phosphorylation, 

which in turn inhibits FOXO1 protein expression to inhibit gemcitabine chemosensitivity 

(Xiong et al., 2021).  

Given that the median survival rate for patients with stage IV bladder cancer 

treated with chemotherapy is only around 13 months (Flannery et al., 2018), it is vital to 

search for ways to make chemotherapy more effective. One potential solution would be 

to resensitize bladder cancer cells to chemotherapy using ursolic acid. 

Ursolic Acid 

Triterpenoids describe compounds that consist of 30 carbon atoms organized into 

6 isoprene units that are more abundantly present in dicotyledonous plants (Şoica et al., 

2021). Triterpenoids can be classified by the number of rings in their chemical structures, 

which can range from zero to five rings (Du et al., 2014). Two principal triterpenoid groups, 

tetracyclic and pentacyclic, are biosynthesized by the cyclization of the linear triterpene, 

squalene (Du et al., 2014; Ghante & Jamkhande, 2019). The two groups can be further 

divided by their derivatives such as dammarane and euphane groups for tetracyclic 

derivatives and ursane, oleanane, and lupine groups for pentacyclic derivatives (Şoica et 

al., 2021).   
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Recently, research into triterpenoids has exponentially grown as triterpenoids h ave 

various biological activities such as, but not limited to, anti-diabetic, hepaprotective, 

cardioprotective, neuroprotective, anti-obesity, anti-inflammatory, antioxidative, anti-

osteoarthritic, antimicrobial, antiparasitic, and most importantly, anti-cancer activities 

(Nguyen et al., 2021; Olech et al., 2021). Triterpenoids, particularly ursolic acid, have 

been investigated as alternative cancer treatments to chemotherapy and radiotherapy 

(Chudzik et al., 2015).  

Ursolic acid is a pentacyclic triterpenoid with a molecular formula of C30H48O3 and 

a molecular weight of 456.7 g/mol (NCBI, 2022). First identified in the 1920s, ursolic acid 

is detected in various fruits, vegetables, and herbs, but is most commonly found in 

epicuticular waxes, especially in apple fruit peels (Luo et al., 2017). Other natural sources 

of ursolic acid include, but are not limited to, rosemary leaves, coffee leaves, sage leaves, 

oleander leaves, lavender leaves, eucalyptus leaves, and thyme leaves (Jäger et al., 

2009).  

Like other triterpenoids, ursolic acid also presents various biological activities. 

Ursolic acid shows anti-diabetic properties by acting as an insulin receptor activator when 

studied in Chinese-hamster ovary cells expressing human IR cells and adipocytes (Jung 

et al., 2007). It also shows anti-obesity properties by increasing β-oxidation and the 

uptake of skeletal muscle free fatty acid (Chu et al., 2015). Most importantly, ursolic acid 

shows anti-cancer effects for many different cancer types. The list includes skin cancer, 

colon cancer, breast cancer, bladder cancer, cervical cancer, pancreatic cancer, ovarian 

cancer, and liver cancer. Seo et al. have shown that ursolic acid inhibits tumorigenesis 

and the proliferation of cancer cells and promotes autophagy (Seo et al., 2018).  
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Ursolic acid can be used to sensitize cancer cells that become resistant to 

chemotherapy. Colon cells under hypoxia were sensitized using ursolic acid by inhibiting 

HIF-1α and therefore downregulated the multidrug resistance gene 1 (Shan et al., 2016). 

For pancreatic cancer, combining ursolic acid with gemcitabine suppressed MicroRNA-

29a, which is responsible for gemcitabine resistance in pancreatic cancer cells, by 68% 

(Prasad et al., 2016). Ursolic acid can be effective in sensitizing cells resistant to not only 

chemotherapy drugs, but also for other anti-cancer therapeutics. In triple-negative breast 

cancer, ursolic acid upregulated death receptors 4 and 5 used by anti-cancer therapeutic, 

recombinant human tumor necrosis factor-related apoptosis-inducing ligand (rhTRAIL), 

to induce apoptosis and downregulate the anti-apoptotic protein caspase 8 inhibitor (c-

FLIPL) (Manouchehri & Kalafatis, 2018). Ursolic acid also has sensitizing effects on liver 

cancer cells, particularly the cell line HepG2/DDP, which is a cisplatin-resistant 

hepatocellular carcinoma cell line. Combinations of ursolic acid and cisplatin have been 

shown to lower the expression of NF-E2-related factor (Nrf2) and its substrates, HO-1, 

NQO1, and GST (Wu et al., 2016). Inhibiting Nrf2 is critical because of its role in 

enhancing resistance in cancer cells to chemotherapeutic drugs like cisplatin, doxorubicin, 

and etoposide when upregulated (Wang et al., 2008).  

Only a few studies focus on ursolic acid and its application to bladder cancer in the 

past two decades. One study shows that ursolic acid decreases cell proliferation of T24 

bladder cancer cells by suppressing the Akt/NF-κB pathway to promote apoptosis (Gai et 

al., 2013). T24 bladder cancer cells dosed with 50 µmol/L of ursolic acid had cell 

proliferation decrease nearly 70% when compared to the control group by downregulating 

anti-apoptotic NF-κBp65 and B-cell lymphoma 2 (Bcl-2), while upregulating pro-apoptotic 
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caspase-3 (Gai et al., 2013). Besides the Akt/NF-κB pathway, ursolic acid also promotes 

apoptosis by activating c-Jun N-terminal kinase (JNK) signaling either through AMPK or 

ER stress responses (Zheng et al., 2013).  

A few ursolic acid derivatives have been studied in the past for the inhibition of 

bladder cancer. One ursolic acid derivative that has been synthesized is isopropyl 3β-

hydroxyurs-12-en-28-oat (UA 17). Combinations of UA 17 with cisplatin induced 

apoptosis by upregulating the phosphorylated state of p38 mitogen-activated protein 

kinase (p-p38) and downregulating Bcl-2 (Lin et al., 2014).  

Prodrug 

One reason for the lack of ursolic acid studies on bladder cancer may be due to its 

intrinsic properties. Ursolic acid is a BCS class IV drug, meaning it has low solubility and 

permeability; therefore ursolic acid has very low oral bioavailability (Ren et al., 2021). Oral 

delivery of drugs is generally recommended because of high patient compliance and cost-

effectiveness, but it is particularly challenging to formulate for BCS class IV drugs like 

ursolic acid (Savjani et al., 2012). No matter how effective ursolic acid may be in treating 

bladder cancer, it would be of little use if it cannot enter the bloodstream. 

One solution to increase the bioavailability of ursolic acid is to synthesize an ursolic 

acid derivative to function as a prodrug. Prodrugs refer to pharmacologically inactive drug 

substances that are converted to their pharmacologically active drug form either by 

metabolic or physicochemical reactions, or both (Wu, 2009). Because prodrugs can 

provide many benefits besides increasing bioavailability, such as site-specific targeting, 

decreased toxicity, and prevention of rapid drug metabolism, they make up around 10% 

of all marketed drugs in the past decade (Markovic et al., 2020; Najjar & Karaman, 2019). 
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In the case of ursolic acid, its prodrug must have better solubility and permeability 

than ursolic acid. This can be achieved by esterification of ursolic acid to attach a carbon 

chain and a methylpiperazine to the ursolic acid. The addition of the alkyl moiety will 

increase the lipophilicity of the overall compound, thus improving passive permeability 

(Markovic et al., 2020). The methylpiperazine moiety attached at the end of the carbon 

chain will increase the solubility since it already possesses high aqueous solubility 

(Vignaroli et al., 2013).  

Quantitative Pharmaceutical Analysis 

Two analytical techniques commonly paired together for identification and 

quantitation of drug compounds in plasma are liquid chromatography and mass 

spectrometry. Liquid chromatography’s origin can be traced back to the early 1900s when 

a Russian botanist, Mikhail Semyonovish Tsvet, separated plant pigments by pouring the 

sample and petroleum ether into a glass tube filled with calcium carbonate and aluminia. 

The result was colored bands representing the different plant pigments (Sack, 2016). 

From its rudimentary beginning, liquid chromatography has evolved and presently is 

found in many different varieties such as, thin-layer chromatography, paper 

chromatography, column chromatography, and high performance liquid chromatography 

(Coskun, 2016). No matter the different types, all liquid chromatography has these 

components in common: 1) a liquid sample, 2) a liquid mobile phase, and 3) a stationary 

phase. In essence, a sample in solution is transported through a stationary phase with 

the help of a mobile phase. The constituents of the sample are then separated depending 

on their different affinities either towards the stationary phase, or the mobile phase. 
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Constituents with higher affinity towards the stationary phase will take longer to elute than 

constituents with higher affinity towards the mobile phase.  

The most widely used form of liquid chromatography is high performance liquid 

chromatography. It differs from other types of liquid chromatography in that it utilizes 

pressure to move the mobile phase through the stationary phase. Because HPLC relies 

on pressure rather than gravity, flow rates of the mobile phase can therefore be manually 

altered. Basic components of HPLC consist of: 1) mobile phase reservoir, 2) degasser, 3) 

solvent delivery system, 4) sample injector, 5) HPLC column, and 6) detector. Before the 

mobile phase goes through the stationary phase, the HPLC column, it must first pass 

through the degasser and the solvent delivery system. The function of a degasser is to 

remove any dissolved gases from the mobile phase as outgassing can cause issues 

leading to pump failure, erratic flow rates, and undesired background peaks in 

chromatograms (Dolan, 2014). The pump, also known as, the solvent delivery system, is 

what generates the pressure to maintain a constant flow rate of mobile phase. Sample 

injectors put samples into the HPLC system before reaching the HPLC column. Modern 

HPLC instrument store samples in an autosampler, which automates the injection 

process and controls the sample environment. The HPLC column contains the stationary 

phase in an HPLC system, responsible for separating samples into their components. 

HPLC columns are often inserted into a column oven to maintain constant column 

temperature, as column temperature can positively affect pressure and the overall 

chromatogram. Higher column temperatures can lead to lower pressures and decreases 

in retention time, increasing column life and decreasing chromatographic runtimes (Li, 

1999). After the constituents have eluted from the column, they enter the detector, where 
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they are shown as chromatogram peaks in workstations connected to the system. 

Common detectors paired with HPLC are the mass spectrometer, UV/VIS detector, 

photodiode array detector, fluorescence detector, and refractive index detector. 

The maximum pressure that HPLC systems can typically handle is 5,800 psi. 

However, there is another liquid chromatography technique that can handle up to 15,000 

psi. It is an upgraded version of HPLC called UPLC®, which stands for Ultra Performance 

Liquid Chromatography and was first developed in 2004 by an analytical laboratory 

instrument manufacturing company called Waters Corporation  (Fountain, 2011). Since 

the name, UPLC®, is trademarked by Waters Corporation, other vendors started naming 

their instruments that are similar to UPLC® as UHPLC, or ultra-high performance liquid 

chromatography.  

The need for an LC system that can manage higher pressure is to accommodate 

the use of columns with lower particle sizes. The van Deemter equation shows that lower 

particle size leads to lower height equivalent to a theoretical plate (HETP), increasing 

column efficiency (Nováková et al., 2006). Advantages of lower particle sizes are 

improved sensitivity, increased resolution, shorter run times, and therefore lower mobile 

phase consumption (DeStefano et al., 2014). However the tradeoff is that columns with 

lower particle size lead to higher back pressure which exceeds the maximum pressure 

that HPLC systems can handle (Xiang et al., 2006). With UPLC® capable of handling up 

to 15,000 psi, columns with particle sizes that are sub-2 µm can be safely used while 

HPLC can typically only handle particle sizes that are 3 to 5 µm. 

Aside from particle sizes, there are many diverse types of columns used for 

different applications. Commonly used ones are: 1) normal-phase columns, 2) reversed-
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phase columns, 3) ion-exchange columns, and 4) size exclusion columns. The primary 

difference between normal-phase and reversed-phase columns is the polarity of the 

associated stationary and mobile phases. In a normal-phase column, the stationary phase 

is polar while the mobile phase is non-polar, or at least less polar than the stationary 

phase. In a reversed-phase column, the stationary phase is non-polar whereas the mobile 

phase is polar. Non-polar constituents will be more strongly retained in a reversed-phase 

column and elute earlier in a normal-phase column.  

Ion-exchange columns differ from both normal and reversed-phase columns in that 

they are based on electrical charges, not on polarity. In normal and reversed-phase 

columns, polar stationary phases retain polar analytes longer and non-polar stationary 

phases retain non-polar analytes longer. However, in an ion-exchange column, the 

opposite is true. An anion exchange column will have a positively charged stationary 

phase to attract and retain negatively charged analytes while cation exchange columns 

will have a negatively charged stationary phase to attract and retain positively charged 

analytes.  

Size-exclusion columns, as the name suggests, separate molecules based on their 

size. Size-exclusion columns are packed with polymer beads with ranging pore sizes. 

Contrary to techniques like western blot, larger analytes elute earlier in size-exclusion 

chromatography because molecules that are larger than the pores of the particles cannot 

pass through them; therefore, they are excluded from the polymer beads and quickly pass 

through the column in between the particles.  

Out of all the different types of columns, the reversed-phase column is the most 

widely used, making up for more than 90% of all HPLC and UPLC applications (Žuvela 
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et al., 2019). Among the reversed-phase LC columns, the most commonly used one is a 

C18 column (Zhang & Hu, 2010). C18 refers to the number of carbon atoms in chains 

attached to the silica bed of the column. Other linear alkylsilanes used for reversed-phase 

LC columns are C8 and C4, having 8 and 4 carbons, respectively. Since C18 column’s 

carbon chains are longer than that of C8 and C4’s, analytes, especially non-polar analytes, 

are more likely to interact with them. Therefore, non-polar analytes will be retained longer 

than they will on C8 and C4 columns.  

Once the analytes are separated by the column in the LC system, they enter the 

detector of choice to be analyzed. As stated previously, the mass spectrometer is a 

popular option to be paired with an LC system. The basic components of a mass 

spectrometer include the sample inlet, ionization source, mass analyzer, and the ion 

detector. The sample inlet introduces the analytes separated by the LC system into the 

mass spectrometer where they are selectively ionized into anions or cations by the 

ionization source. Then the ionized molecules are accelerated into the mass analyzer to 

be separated based on their mass-to-charge ratios. Once separated, they are sent to the 

detector which converts the ions into electrical current measurable by a workstation 

(Siuzdak, 2004).  

There are many different types of mass spectrometers based primarily on different 

ionization methods and different mass analyzers. Commonly used ionization methods are 

electron ionization (EI), electrospray ionization (ESI), atmospheric pressure chemical 

ionization (APCI), chemical ionization (CI), and matrix assisted laser desorption ionization 

(MALDI). The electron ionization method is more often used for GC-MS than in LC-MS 

because the electron ionization method requires analytes to already be in  the gas phase. 
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Inside of an electron ionization chamber, an electron beam is created by running an 

electric current of 70 eV through a filament. Electrons are accelerated into an electron 

collector at the opposite end of the source. When neutral analytes in the gas phase are 

introduced into the ionization chamber and pass through the electron beam, the 

accelerated electrons eject one or more electrons from the analyte. Therefore, neutral 

analytes are turned into cations and often fragment due the excess energy transferred by 

the electron beam. Electron ionization is referred to as a hard ionization technique 

because large amounts of energy are used to ionize the analytes. Because of the many 

fragments electron ionization can produce, it is a good method to identify unknown 

compounds. However, analytes need to be 600 Da or lower because large molecules are 

difficult to vaporize. 

Besides the hard ionization technique, there are also soft ionization techniques. 

These techniques use less energy to ionize analytes and therefore leads to lower 

quantities, but bigger fragments; CI, APCI, MALDI, and ESI are all considered soft 

ionization techniques. Chemical ionization is also a great technique to pair with a GC if 

the molecular ion is more of interest than the fragment ions. It works in similar ways as 

electron ionization, but instead of analytes encountering the electrons, reagent gases 

such as methane, ammonia, or isobutane are ionized instead. Ionized reagent gases 

react with a reagent gas that has yet to ionize to form a product that will transfer a proton 

to the analytes, ionizing them (Gates, 2014a). It is possible to have negative chemical 

ionization, but usually only for analytes with high electronegativity such as halogenated 

compounds. 
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Unlike EI and CI, MALDI is useful for nonvolatile compounds that have high 

molecular weights, such as biomolecules (oligonucleotides, peptides, proteins, and 

carbohydrates). MALDI MS is often used as a standalone, but over the past decade, 

MALDI has been paired with LC systems more often (Weidner & Falkenhagen, 2011). In 

MALDI, analytes are co-crystalized with a matrix compound in one of the many individual 

wells on a target plate. The ratio of analyte to matrix deposited onto the well can vary, but 

it is typically 1:1 (Bruker Guide to MALDI Sample Preparation, 2012). The matrix 

compound typically is a weak organic acid that has high UV absorbance. Once the analyte 

and matrix compound are co-crystalized, laser irradiation desorb and ionize the sample. 

The high matrix UV absorbance absorbs most of the laser radiation, which will vaporize 

the sample and protect the analytes from fragmentation. 

Two ionization methods that are paired regularly with LC are APCI and ESI and 

they are both atmospheric pressure ionization techniques that nebulizes LC eluent. 

Ionization in electrospray ionization begins when the LC eluent goes through the inlet 

capillary, or the spray needle. High voltage is applied to the inlet capillary and a sample 

plate entrance to the mass analyzer. This supply of voltage (3 to 5 kV) results in an electric 

field gradient in the atmospheric pressure region. The charge of the voltage between the 

inlet capillary and sample plate determines whether the ions will be positively or 

negatively charged. Positively charged ions will gather at the tip of the inlet capillary to 

create a Taylor cone if the inlet capillary is positively charged while the sample plate is 

negatively charged. Negatively charged ions will be formed if the charges of the inlet 

capillary and the sample plate are flipped. Streams of droplets ejected from the tip of 

Taylor cone are nebulized and evaporated with the assistance of heated nitrogen gas in 
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the ion evaporation region to separate the solvent from the ionized analyte. Ionized 

analytes then pass through the sample plate towards the mass analyzer. Just like MALDI, 

ESI is useful for ionizing biological molecules with the benefit of not requiring a matrix. 

However, its tradeoffs are that it loses sensitivity when buffers are used, and nonpolar 

molecules are poorly ionized. The latter can be fixed by using atmospheric pressure 

chemical ionization technique (Pitt, 2009).  

Unlike in ESI, eluent from the LC is not ionized as it passes through the inlet 

capillary in APCI. Instead, heat (120 to 550 °C) is applied near the end of the inlet capillary 

to facilitate the desolvation and vaporization of the eluent. Once the solvent and analyte 

are nebulized, solvent is ionized by a corona discharge at atmospheric pressure (760 torr). 

The atmospheric pressure increases the collision of ionized solvent and analyte, which in 

turn ionizes the analyte through proton transfer. The main difference between ESI and 

APCI is that analytes are ionized in the liquid phase in ESI and in the gas phase in APCI. 

After the analytes are ionized, they are sent to the mass analyzer to be separated 

by their mass-to-charge ratios. The mass analyzer that is important for the scope of this 

paper is the quadrupole. Quadrupole mass analyzers consist of four rods that are parallel 

around a central axis. DC and RF voltages are applied to each quadruple so that each 

rod has the opposite polarity of the adjacent rods. Analyte ions travel through the 

quadrupole rods towards the detector but in oscillation due to the oscillating electric fields 

generated by the quadrupole. Voltages applied to the rods can be changed in a 

quadrupole mass analyzer so that only the desired analyte ion has a stable trajectory 

towards the detector. Ions with larger or smaller mass-to-charge ratios will be unstable 

through the quadrupole rods and end up not reaching the detector (Gates, 2014b).  
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A mass analyzer can also be coupled with one or more mass analyzers to be used 

for tandem mass spectrometry. The most common setup is called a triple quadrupole and 

as the name suggests, three quadrupoles are lined up. The first (Q1) and the third (Q3) 

quadrupoles are mass filters that behave in the same manner described in the previous 

section. The middle (q2) quadrupole, also known as the collision cell, is responsible for 

collision-induced dissociation (CID) to fragment the ions that arrived from Q1. The 

fragmented ions are then accelerated into Q3 to further be filtered.  

While the only quantitative mass spectra scan mode that a single quadrupole mass 

spectrometer can perform is selected ion monitoring (SIM), a triple quadrupole mass 

spectrometer can also provide selected reaction monitoring (SRM) or multiple reaction 

monitoring (MRM) scan mode. The MRM scan mode only allows specific precursor ions 

to accelerate through the collision cell. Resulting fragmented ions are once again filtered 

in Q3 so that only the desired product ions can reach the detector. MRM allows for higher 

selectivity and sensitivity than SIM because ions are filtered out twice, rather than once.  

Previous Studies on Quantitation of Ursolic Acid in Plasma Using LC-MS 

LC-MS is the standard for the quantification of ursolic acid in plasma because it 

offers greater sensitivity and selectivity relative to other detectors such as UV. One of the 

earliest validated methods for ursolic acid in plasma used an LC-MS system consisting 

of a single quadrupole MS analyzer with an APCI source in negative ion mode using 

selected ion-monitoring (SIM) (Liao et al., 2005). Similar MS instrumentation and 

conditions are still used today but paired with an UPLC system. The upgraded LC system 

allowed for greater sensitivity of ursolic acid. The lower limit of quantitation of ursolic acid 

for the most recently developed method using the same MS instrumentation was 1 ng/mL 
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while it was 10 ng/mL previously (Stebounova et al., 2018). Another common technique 

used is the triple quadruple mass spectrometer in ESI negative ion mode. Multiple 

reaction monitoring (MRM) scanning mode is often used to gain the full benefit from the 

triple quadrupole mass spectrometer (Tan et al., 2010; Xia et al., 2011).  

The internal standards typically used for ursolic acid analysis are either 

glycyrrhetinic acid or betulinic acid. They are often used because both are triterpenoids 

like ursolic acid and are structurally similar. Glycyrrhetinic acid elutes earlier than ursolic 

acid in the studies referenced above. This is because the extra ketone functional group 

present in glycyrrhetinic acid makes the compound more polar than ursolic acid and 

therefore it is not retained longer in the reversed-phase liquid chromatography system.  

Isocratic elution was used in all previous method developments, but the 

composition of the mobile phase varied. Some of the mobile phases used were methanol 

and water (95:5, v/v) (Liao et al., 2005), methanol and 5 mM ammonium acetate (85:15, 

v/v) (Stebounova et al., 2018), acetonitrile and 10 mM ammonium formate (90:10, v/v) 

(Xia et al., 2011), and acetonitrile and 20 mM ammonium acetate containing 0.1% formic 

acid (95/5, v/v) (Tan et al., 2010). An interesting thing to note about the latter two mobile 

phases is that Xia et al. stated that they had better peak response and shape without the 

use of 0.1% formic acid while Tan et al. stated its addition enhanced the peak. 

Liquid-liquid extraction was a common choice for extracting ursolic acid from 

plasma (Tan et al., 2010; Xia et al., 2011; Zhao et al., 2015). The non-polar characteristic 

of ursolic acid simplifies the transfer to the organic layer (ethyl acetate or methyl tertiary-

butyl ether) from plasma. These studies using liquid-liquid extractions typically had a 

relative recovery of ursolic acid around 70%. 
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CHAPTER 2 

QUANTITATION OF URSOLIC ACID AND ITS PRODRUG IN RAT PLASMA BY LC-

MS 

Introduction 

The first step in the pharmacokinetic study of ursolic acid and its prodrug is the 

development of a quantitative method that can accurately determine the concentration of 

ursolic acid and its prodrug in plasma. Several sample preparation methods have been 

established for the extraction of ursolic acid in plasma including solid-phase extraction, 

supercritical fluid extraction, and liquid-liquid extraction being the most prominent (Huang 

et al., 2007; Zhang et al., 2022; Zhao et al., 2015). Although protein precipitation has also 

been used previously, its use has been limited because it creates a gradual increase in 

the LC back pressure due to buildup of impurities in the column and because of the long 

solvent drying times when compared to liquid-liquid extraction. However, even liquid-

liquid extraction was not ideal because the differences in the physicochemical properties 

of the analytes (ursolic acid, the prodrug, and the internal standard) made the 

simultaneous extractions unreliable. In this research for the development of an LC-MS 

method for ursolic acid and its prodrug from plasma, protein precipitation procedure has 

been modified to provide a reliable, fast sample extraction method.  
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Materials and Methods 

Chemical and Reagents 

Ursolic acid (UA) and its prodrug (UA 4) were obtained from the Lokeshwar 

Laboratory in Augusta University. β-glycyrrhetinic acid (IS) was purchased from BioVision 

Inc. (Waltham, MA). LC-MS grade ammonium formate was purchased from 

MilliporeSigma (MILWAUKEE, WI). LC-MS grade water and methanol were also obtained 

from MilliporeSigma (Allentown, PA). The chemical structures of UA, UA 4, and internal 

standard are shown in Figure 1. 

Instrument and Conditions 

Waters ACQUITY UPLC H-Class PLUS System (Milford, MA) was equipped with 

a Waters ACQUITY UPLC BEH C18 column (2.1 mm x 50 mm, I.D., 1.7 μm) (Milford, MA) 

for chromatographic separation. Column and autosampler temperature were maintained 

at 30 °C and 4 °C respectively. Mobile phase A consisted of 5 mM ammonium formate in 

LC-MS grade water while mobile phase B consisted of 5 mM ammonium formate in LC-

MS grade methanol. The flow rate was left constant at 0.3 mL/min and the gradient elution 

program was as follows: 0-1 min, 80% B; 1-3 min, 80-95% B, 3-6 min, 95% B; 6-6.1 min, 

95-80% B; 6.1-9 min, 80% B. 

A Waters Xevo TQ-S micro triple quadrupole mass spectrometer with  a Z-spray 

ESI probe (Milford, MA) was used to detect the eluted analytes and MassLynx v.4.2 

software was used to process the data. ESI positive ion mode was used with the following 

conditions: capillary voltage 1 kV, cone voltage 25 V, desolvation temperature 450 °C, 

desolvation gas flow 800 L/h, cone gas flow 50 L/h, and source temperature 120 °C. 

Multiple reaction monitoring mode was applied for the method: m/z 457.3 → 411.5 for UA, 
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m/z 639.5 → 183.25 for UA 4, and m/z 471.25 → 95.1 for IS. The collision energy was 15 

V for ursolic acid, 50 V for both UA 4 and IS. Confirmation ion-transitions were set to: m/z 

457.3 → 95.0 for ursolic acid, m/z 639.5 → 70.2 for UA 4, and m/z 471.25 → 135.1 for IS. 

Solutions and Standards 

Stock solutions of ursolic acid, UA 4, and β-glycyrrhetinic acid were prepared in 

methanol with final concentrations of 0.25 mg/mL, 0.5 mg/mL, and 0.5 mg/mL respectively 

and were stored at -80 °C. Ursolic acid and UA 4 stock solutions were combined with 

methanol to create the first standard working solution with UA and UA 4 concentrations 

of 50000 ng/mL. This standard working solution was used to prepare the remaining 

working solutions with UA and UA 4 concentrations of 2000 ng/mL. Calibration standard 

solutions of 80, 200, 300, 500, 1000, 1600, and 4000 ng/mL and quality control (QC) 

working solutions 240, 1200, and 3200 ng/mL were prepared using the two standard 

working solutions and methanol. The second standard working solution was used to 

prepare calibration standard solutions and quality control working solution that are 500 

ng/mL or lower; the rest were prepared using the first standard working solution. β-

glycyrrhetinic acid (IS) stock solution was diluted to 100 ng/mL with methanol and the 

working solution was stored at 4 °C.  

Spiked Samples 

20 µL of calibration standard solutions or QC working solutions were spiked into 

380 µL of blank Sprague Dawley rat plasma to yield calibration standard concentrations 

of 4, 10, 15, 25, 50, 80, and 200 ng/mL and QC samples with concentrations of 12, 60, 

and 160 ng/mL.  
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Sample Preparation 

Protein precipitation extraction was used with methanol acting as the precipitating 

agent. 100 µL of spiked plasma sample was precipitated with 200 µL of cold IS working 

solution and was vortexed for 5 minutes. The sample was set aside for 20 minutes at 

24 °C and was centrifuged at 21,130 x g at 4 °C for 15 minutes. 140 µL of supernatant 

was transferred and mixed with 35 µL of water. The sample was then vortexed for 1 

minute and centrifuged at 21,120 x g at 4 °C for 10 minutes. The upper 140 µL of the 

sample was transferred for injection. 

Method Validation 

The method was validated following the U.S. FDA guideline on bioanalytical 

method validation (Bioanalytical Method Validation, 2018); selectivity, calibration curve, 

accuracy and precision, recovery, and stability (freeze-thaw, bench top, and autosampler 

stability) were assessed.  

Seven-point calibration curves ranging from 4-200 ng/mL were analyzed by 

plotting the peak area ratios (analyte/IS) against the associated concentration points. 

Both UA and UA 4 calibration curves used a 1/x2 weighted linear regression model.  

Accuracy and precision for intra-day (n = 5) and inter-day (n = 15) were assessed 

by analyzing LLOQ, LQC, MQC, and HQC (4, 12, 60, and 160 ng/mL) samples of UA and 

UA 4. Method validation for inter-day accuracy and precision had to be conducted with 

three independent runs of five replicates at each QC levels. Accuracy and precision were 

displayed as relative error and relative standard deviation, respectively.  

For recovery, three replicates of LQC and HQC spiked samples, post-extraction 

spiked samples, and standard solutions for UA and UA 4 were analyzed. Recovery was 
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expressed in relative recovery (spiked sample/post-extraction spiked samples), absolute 

recovery (spiked samples/standard solutions), and matrix effects (post-extraction spiked 

samples/standard solutions).  

Three different stability studies were conducted for LQC and HQC samples of UA 

and UA 4. For the autosampler stability study, five replicates of LQC and HQC samples 

were analyzed after 12 hours inside the autosampler at 4 °C. Three replicates of LQC 

and HQC spiked samples were left on a bench top at 24 °C for 4 hours and then extracted 

and analyzed for the bench top stability study. For the freeze-thaw stability study, blank 

rat plasma samples were spiked at the LQC and HQC concentrations for UA and UA 4. 

Three replicates of LQC and HQC spiked samples were extracted right after preparation 

and were analyzed. Remaining spiked samples were stored at -80 °C and were thawed 

every 24 hours for a total of 3 cycles. Three replicates of the LQC and HQC spiked 

samples were extracted and analyzed for each cycle. 

Results and Discussion 

Method Development 

Various combinations of mobile phase compositions have been used based on 

previous pharmacokinetic studies involving ursolic acid (Stebounova et al., 2018; Tan et 

al., 2010; Xia et al., 2011). Combinations that have been tried were 5 mM of ammonium 

formate in acetonitrile, 5 mM of ammonium formate with 0.1% formic acid in acetonitrile, 

and 5 mM of ammonium formate in methanol. Acetonitrile was abandoned because there 

was severe peak tailing for UA 4 when acetonitrile was used in mobile phase B. Formic 

acid was also abandoned because it lowered the peak response of UA.  
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Several extraction techniques were evaluated to determine the best method for the 

quantitation of UA and UA 4 using LC-MS. Because UA and UA 4 are lipophilic, liquid-

liquid extraction was the first choice. Preliminary data for liquid-liquid extraction using 

methyl tert-butyl ether (MTBE) showed similar UA relative recovery of 79%. However, 

relative recovery of UA 4 was poor at 35%. Protein precipitation was used next to 

determine whether it could increase the relative recovery of UA 4. Preliminary data 

showed increases in both relative recovery of UA and UA 4 compared to that of liquid-

liquid extraction at 85% and 88%, respectively. 

Prior to the final validated method, another method with a different calibration curve 

range had already been validated using an earlier variation of protein precipitation. The 

calibration curve ranges for UA and UA 4 were from 15-200 ng/mL and 0.5-200 ng/mL 

respectively. The main differences between the earlier variations of protein precipitation 

from the final version were that: 1) 40 µL of plasma was used instead of 100 µL, 2) the 

precipitating agent was acetonitrile at 24 °C, not methanol at 4 °C, 3) samples were 

centrifuged at 2000 x g at 24 °C instead of 21,120 x g at 4 °C, and 4) the supernatant was 

dried under vacuum and reconstituted with 100 µL of 1:4 water: methanol instead of 

forgoing the drying step completely.  

Issues using the earlier variations of protein precipitation was that as more 

samples were injected through the column, the back pressure increased and resulting 

chromatographic peaks showed increased broadening with each run. This method was 

abandoned because it was not optimal for larger studies where hundreds of samples must 

be injected. Using the linear equation derived from the UA calibration curve of 15-200 

ng/mL, the lowest concentration of UA detected at 8 hours after dosing was 6.5 ng/mL. 
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Although the concentration cannot be accurately calculated using the UA calibration curve, 

it was still clear that the lowest detected concentration was still below the LLOQ set by 

the calibration curve. Therefore, the calibration curve range had to be altered to account 

for the low concentration of UA expected. 

Liquid-liquid extraction was pursued despite having poor UA 4 recovery to prevent 

the increase in back pressure. Compared to protein precipitation, liquid-liquid extractions 

typically results in relatively cleaner extracts (Rainville, 2013). When liquid-liquid 

extraction was used for method validation, another challenge appeared. The 

chromatographic peak response of the internal standard fluctuated randomly between 

each injection and therefore gave inaccurate results. Different approaches have been 

used to prevent the internal standard response variability: 1) the internal standard was 

replaced with another ursolic acid derivative, 2) ethyl acetate was used as the organic 

extraction solvent instead of MTBE, 3) the internal standard was spiked into the organic 

solvent prior to mixing with plasma, 4) liquid-liquid extraction was combined with protein 

precipitation. However, none of these approaches stabilized the variability in the internal 

standard response. This variability may be caused by the ketone group present in β-

glycyrrhetinic acid, which makes the internal standard less non-polar. The polarity of the 

internal standard could have affected its transfer over to the organic layer during liquid-

liquid extraction. Once again, the liquid-liquid extraction method had to be abandoned. 

Protein precipitation would have been the ideal extraction technique to use for UA, 

UA 4, and IS if it did not increase the back pressure. To alleviate the back pressure, the 

UPLC column was replaced with Thermo Scientific BDS Hypersil C8 HPLC column (2.1 

mm x 50 mm, I.D., 5 μm) (Waltham, MA) due to its larger particle size. Even though the 
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HPLC column did help maintain the back pressure, the drawback was broader peaks, 

which was not ideal. 

The last attempt made for the use of protein precipitation was forgoing the drying 

process. In previous protein precipitation experiments, dried UA, UA 4, and IS particles 

were observed after the drying step. These solid particles were then reconstituted and 

sonicated. It was hypothesized that the UA, UA 4 and IS particles were not dissolving 

back into solution and were clogging the column, leading to the increase in back pressure. 

Forgoing the drying process prevented the buildup of back pressure and peak 

abnormalities. 

Selectivity and Specificity  

MRM channels of a LLOQ run can be seen in Figure 2. All three peaks appear 

symmetrical and well-spaced out from each other with no overlap. The IS eluted the 

earliest at 1.97 min due to its ketone functional group making it more polar than UA and 

UA 4. The next analyte to elute was UA at 3.80 min and UA 4 was last at 4.56 min. Figures 

3, 4, and 5 show the chromatograms of UA, UA 4, and IS in a LLOQ run compared to 

chromatograms of a blank plasma run within the same retention time range. Given th at 

no significant peaks were present in blank plasma runs when the analytes are supposed 

to elute, the method was selective. 

Linearity and Sensitivity 

Table 1 shows the averaged calibration curve during the freeze-thaw stability 

cycles along with the R2 value using 1/x2 weighted linear regression model. Averaged R2 

values of 0.99 for both UA and UA 4 indicated that the calibration curve from 4-200 ng/mL 
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showed good linearity. Although LLOQ UA peak response was significantly lower than 

that of UA 4, the signal-to-noise ratio of UA was still at least 35. 

Precision and Accuracy 

Precision and accuracy of UA and UA 4 are shown in Table 2. Both precision and 

accuracy for intra-day and inter-day passed as they were all under 15% of the nominal 

concentrations.  

Recovery 

Table 3 shows that the relative recovery of UA and UA 4 is roughly 70%, a 

significant improvement for UA 4 when compared to liquid-liquid extraction. UA and UA 4 

have opposite effects for absolute recovery. While UA has an absolute recovery of around 

37%, UA 4 has absolute recovery that is over 100%. This can be explained by the matrix 

effect. Since UA has a matrix effect that is lower than 100%, there is suppressed 

ionization of UA. Alternatively, ionization of UA 4 is enhanced because the matrix effect 

is higher than 100%. 

Stability 

LQC and HQC samples of UA and UA 4 that were stored in the autosampler at 

4 °C were stable for at least 12 hours as shown in Table 4. LQC and HQC samples of UA 

and UA 4 were also stable when left on the bench top at 24 °C for 4 hours before protein 

precipitation. Three cycles of freeze-thaw were conducted, and the samples were stable 

throughout all three cycles, given that accuracy was lower than 15%, just like the other 

two stability studies.  
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Conclusion 

An LC-MS method has been developed for the pharmacokinetic study of UA and 

its prodrug, UA 4. Forgoing the drying process in protein precipitation made it possible to 

extract UA and UA 4 reliably and quicker than before. Most importantly, it did not cause 

the back pressure of the LC system to increase. The next step in determining UA and 

prodrug’s effect on bladder cancer is conducting an animal study. Rats should be orally 

dosed with the prodrug and their plasmas should be extracted at different time intervals 

following the same extraction protocol described in this research. The resulting data will 

show how much of UA 4 is turned into UA to treat bladder cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

 

 

REFERENCES 

Aminoltejari, K., & Black, P. C. (2020). Radical cystectomy: a review of techniques, 

developments and controversies. Translational andrology and urology, 9(6), 
3073-3081. https://doi.org/10.21037/tau.2020.03.23  

Bioanalytical Method Validation. (2018).  FDA. https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/bioanalytical-method-validation-
guidance-industry 

Bladder Cancer Surgery. (2019).  American Cancer Society. 
https://www.cancer.org/cancer/bladder-cancer/treating/surgery.html 

Bochner, B. H. (2009). Optimal timing of radical cystectomy for patients with T1 bladder 
cancer. Urologic Oncology: Seminars and Original Investigations, 27(3), 329-331. 
https://doi.org/https://doi.org/10.1016/j.urolonc.2008.10.022  

Böhle, A., Jocham, D., & Bock, P. R. (2003). Intravesical bacillus Calmette-Guerin 
versus mitomycin C for superficial bladder cancer: a formal meta-analysis of 

comparative studies on recurrence and toxicity. J Urol, 169(1), 90-95. 
https://doi.org/10.1097/01.ju.0000039680.90768.b3  

Boudreaux Kelly, J., Clark Peter, E., Lowrance William, T., Rumohr Jon, A., Barocas 

Daniel, A., Cookson Michael, S., Smith Joseph, A., & Chang Sam, S. (2009). 
Comparison of American Joint Committee on Cancer Pathological Stage T2a 

Versus T2b Urothelial Carcinoma: Analysis of Patient Outcomes in Organ 
Confined Bladder Cancer. Journal of Urology, 181(2), 540-546. 
https://doi.org/10.1016/j.juro.2008.10.038  

Bruker Guide to MALDI Sample Preparation. (2012).  Bruker. 
https://researchservices.pitt.edu/sites/default/files/Bruker_Guide%20for%20MAL

DI_Sample_Preparation.pdf 

Cancer Facts & Figures 2022. (2022).  American Cancer Society. 
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-

figures/cancer-facts-figures-2022.html 

https://doi.org/10.21037/tau.2020.03.23
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.cancer.org/cancer/bladder-cancer/treating/surgery.html
https://doi.org/https:/doi.org/10.1016/j.urolonc.2008.10.022
https://doi.org/10.1097/01.ju.0000039680.90768.b3
https://doi.org/10.1016/j.juro.2008.10.038
https://researchservices.pitt.edu/sites/default/files/Bruker_Guide%20for%20MALDI_Sample_Preparation.pdf
https://researchservices.pitt.edu/sites/default/files/Bruker_Guide%20for%20MALDI_Sample_Preparation.pdf
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2022.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2022.html


31 
 

Chalasani, V., Chin, J. L., & Izawa, J. I. (2009). Histologic variants of urothelial bladder 
cancer and nonurothelial histology in bladder cancer. Canadian Urological 

Association journal = Journal de l'Association des urologues du Canada, 3(6 
Suppl 4), S193-S198. https://doi.org/10.5489/cuaj.1195  

Chu, X., He, X., Shi, Z., Li, C., Guo, F., Li, S., Li, Y., Na, L., & Sun, C. (2015). Ursolic 
acid increases energy expenditure through enhancing free fatty acid uptake and 
β-oxidation via an UCP3/AMPK-dependent pathway in skeletal muscle. Mol Nutr 

Food Res, 59(8), 1491-1503. https://doi.org/10.1002/mnfr.201400670  

Chudzik, M., Korzonek-Szlacheta, I., & Król, W. (2015). Triterpenes as potentially 

cytotoxic compounds. Molecules (Basel, Switzerland), 20(1), 1610-1625. 
https://doi.org/10.3390/molecules20011610  

Coskun, O. (2016). Separation techniques: Chromatography. Northern clinics of 

Istanbul, 3(2), 156-160. https://doi.org/10.14744/nci.2016.32757  

de Jong Florus, C., Hoedemaeker Robert, F., Kvikstad, V., Mensink Jolien, T. M., de 

Jong Joep, J., Boevé Egbert, R., van der Schoot Deric, K. E., Zwarthoff Ellen, C., 
Boormans Joost, L., & Zuiverloon Tahlita, C. M. (2021). T1 Substaging of 
Nonmuscle Invasive Bladder Cancer is Associated with bacillus Calmette-Guérin 

Failure and Improves Patient Stratification at Diagnosis. Journal of Urology, 
205(3), 701-708. https://doi.org/10.1097/JU.0000000000001422  

DeStefano, J. J., Boyes, B. E., Schuster, S. A., Miles, W. L., & Kirkland, J. J. (2014). Are 
sub-2 μm particles best for separating small molecules? An alternative. Journal 
of chromatography. A, 1368, 163-172. 

https://doi.org/10.1016/j.chroma.2014.09.078  

Dobruch, J., Daneshmand, S., Fisch, M., Lotan, Y., Noon, A. P., Resnick, M. J., Shariat, 

S. F., Zlotta, A. R., & Boorjian, S. A. (2016). Gender and Bladder Cancer: A 
Collaborative Review of Etiology, Biology, and Outcomes. Eur Urol, 69(2), 300-
310. https://doi.org/10.1016/j.eururo.2015.08.037  

Dobruch, J., & Oszczudłowski, M. (2021). Bladder Cancer: Current Challenges and 
Future Directions. Medicina (Kaunas, Lithuania), 57(8), 749. 

https://doi.org/10.3390/medicina57080749  

Dolan, J. W. (2014). Mobile-Phase Degassing: What, Why, and How. Chromatography 
Online. https://www.chromatographyonline.com/view/mobile-phase-degassing-

what-why-and-how 

https://doi.org/10.5489/cuaj.1195
https://doi.org/10.1002/mnfr.201400670
https://doi.org/10.3390/molecules20011610
https://doi.org/10.14744/nci.2016.32757
https://doi.org/10.1097/JU.0000000000001422
https://doi.org/10.1016/j.chroma.2014.09.078
https://doi.org/10.1016/j.eururo.2015.08.037
https://doi.org/10.3390/medicina57080749
https://www.chromatographyonline.com/view/mobile-phase-degassing-what-why-and-how
https://www.chromatographyonline.com/view/mobile-phase-degassing-what-why-and-how


32 
 

Du, J.-R., Long, F.-Y., & Chen, C. (2014). Chapter Six - Research Progress on Natural 
Triterpenoid Saponins in the Chemoprevention and Chemotherapy of Cancer. In 

S. Z. Bathaie & F. Tamanoi (Eds.), The Enzymes (Vol. 36, pp. 95-130). 
Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-12-802215-

3.00006-9  

Flannery, K., Cao, X., He, J., Zhong, Y., Shah, A. Y., & Kamat, A. M. (2018). Survival 
Rates and Health Care Costs for Patients With Advanced Bladder Cancer 

Treated and Untreated With Chemotherapy. Clinical Genitourinary Cancer, 16(4), 
e909-e917. https://doi.org/10.1016/j.clgc.2018.03.002  

Fountain, K. J. (2011). UPLC versus UHPLC: Comparison of Loading and Peak 
Capacity for Small Molecule Drugs. Waters. 
https://www.waters.com/webassets/cms/library/docs/720003869en.pdf 

Gai, L., Cai, N., Wang, L., Xu, X., & Kong, X. (2013). Ursolic acid induces apoptosis via 
Akt/NF-κB signaling suppression in T24 human bladder cancer cells. Mol Med 

Rep, 7(5), 1673-1677. https://doi.org/10.3892/mmr.2013.1364  

Gates, P. (2014a). Chemical Ionisation (CI). University of Bristol. 
http://www.chm.bris.ac.uk/ms/ci-ionisation.xhtml 

Gates, P. (2014b). Quadrupole Mass Analysis. University of Bristol. 
http://www.chm.bris.ac.uk/ms/quadrupole.xhtml 

Ghante, M. H., & Jamkhande, P. G. (2019). Role of Pentacyclic Triterpenoids in 
Chemoprevention and Anticancer Treatment: An Overview on Targets and 
Underling Mechanisms. Journal of pharmacopuncture, 22(2), 55-67. 

https://doi.org/10.3831/KPI.201.22.007  

Huang, L., Chen, T., Ye, Z., & Chen, G. (2007). Use of liquid chromatography–

atmospheric pressure chemical ionization-ion trap mass spectrometry for 
identification of oleanolic acid and ursolic acid in Anoectochilus roxburghii (wall.) 
Lindl [https://doi.org/10.1002/jms.1228]. Journal of Mass Spectrometry, 42(7), 

910-917. https://doi.org/https://doi.org/10.1002/jms.1228  

Jäger, S., Trojan, H., Kopp, T., Laszczyk, M. N., & Scheffler, A. (2009). Pentacyclic 

triterpene distribution in various plants - rich sources for a new group of multi-
potent plant extracts. Molecules (Basel, Switzerland), 14(6), 2016-2031. 
https://doi.org/10.3390/molecules14062016  

https://doi.org/https:/doi.org/10.1016/B978-0-12-802215-3.00006-9
https://doi.org/https:/doi.org/10.1016/B978-0-12-802215-3.00006-9
https://doi.org/10.1016/j.clgc.2018.03.002
https://www.waters.com/webassets/cms/library/docs/720003869en.pdf
https://doi.org/10.3892/mmr.2013.1364
http://www.chm.bris.ac.uk/ms/ci-ionisation.xhtml
http://www.chm.bris.ac.uk/ms/quadrupole.xhtml
https://doi.org/10.3831/KPI.201.22.007
https://doi.org/10.1002/jms.1228
https://doi.org/https:/doi.org/10.1002/jms.1228
https://doi.org/10.3390/molecules14062016


33 
 

Jamal-Hanjani, M., Quezada, S. A., Larkin, J., & Swanton, C. (2015). Translational 
implications of tumor heterogeneity. Clinical cancer research : an official journal 

of the American Association for Cancer Research, 21(6), 1258-1266. 
https://doi.org/10.1158/1078-0432.CCR-14-1429  

Jung, S. H., Ha, Y. J., Shim, E. K., Choi, S. Y., Jin, J. L., Yun-Choi, H. S., & Lee, J. R. 
(2007). Insulin-mimetic and insulin-sensitizing activities of a pentacyclic 
triterpenoid insulin receptor activator. The Biochemical journal, 403(2), 243-250. 

https://doi.org/10.1042/BJ20061123  

Key Statistics for Bladder Cancer. (2022).  American Cancer Society. 

https://www.cancer.org/cancer/bladder-cancer/about/key-statistics.html 

Lamm, D. L., Thor, D. E., Harris, S. C., Reyna, J. A., Stogdill, V. D., & Radwin, H. M. 
(1980). Bacillus Calmette-Guerin immunotherapy of superficial bladder cancer. J 

Urol, 124(1), 38-40. https://doi.org/10.1016/s0022-5347(17)55282-9  

Łaszkiewicz, J., Krajewski, W., Łuczak, M., Chorbińska, J., Nowak, Ł., Bardowska, K., & 

Zdrojowy, R. (2021). Pain reduction methods during transurethral cystoscopy. 
Contemp Oncol (Pozn), 25(2), 80-87. https://doi.org/10.5114/wo.2021.106652  

Lee, R. K., Abol-Enein, H., Artibani, W., Bochner, B., Dalbagni, G., Daneshmand, S., 

Fradet, Y., Hautmann, R. E., Lee, C. T., Lerner, S. P., Pycha, A., Sievert, K.-D., 
Stenzl, A., Thalmann, G., & Shariat, S. F. (2014). Urinary diversion after radical 

cystectomy for bladder cancer: options, patient selection, and outcomes 
[https://doi.org/10.1111/bju.12121]. BJU international, 113(1), 11-23. 
https://doi.org/https://doi.org/10.1111/bju.12121  

Li, B., Xie, D., & Zhang, H. (2019). Long non-coding RNA GHET1 contributes to 
chemotherapeutic resistance to Gemcitabine in bladder cancer. Cancer 

Chemotherapy and Pharmacology, 84(1), 187-194. 
https://doi.org/10.1007/s00280-019-03873-8  

Li, J. B. (1999). Effect of Temperature on Column Pressure, Peak Retention Time and 

Peak Shape. Waters. 
https://www.waters.com/webassets/cms/library/docs/watersamd30.pdf 

Liao, Q., Yang, W., Jia, Y., Chen, X., Gao, Q., & Bi, K. (2005). LC-MS determination 
and pharmacokinetic studies of ursolic acid in rat plasma after administration of 
the traditional chinese medicinal preparation Lu-Ying extract. Yakugaku Zasshi, 

125(6), 509-515. https://doi.org/10.1248/yakushi.125.509  

https://doi.org/10.1158/1078-0432.CCR-14-1429
https://doi.org/10.1042/BJ20061123
https://www.cancer.org/cancer/bladder-cancer/about/key-statistics.html
https://doi.org/10.1016/s0022-5347(17)55282-9
https://doi.org/10.5114/wo.2021.106652
https://doi.org/10.1111/bju.12121
https://doi.org/https:/doi.org/10.1111/bju.12121
https://doi.org/10.1007/s00280-019-03873-8
https://www.waters.com/webassets/cms/library/docs/watersamd30.pdf
https://doi.org/10.1248/yakushi.125.509


34 
 

Lin, K.-W., Huang, A. M., Lin, C.-C., Chang, C.-C., Hsu, W.-C., Hour, T.-C., Pu, Y.-S., & 
Lin, C.-N. (2014). Anti-cancer effects of ursane triterpenoid as a single agent and 

in combination with cisplatin in bladder cancer. European Journal of 
Pharmacology, 740, 742-751. 

https://doi.org/https://doi.org/10.1016/j.ejphar.2014.05.051  

Lobo, N., Brooks, N. A., Zlotta, A. R., Cirillo, J. D., Boorjian, S., Black, P. C., Meeks, J. 
J., Bivalacqua, T. J., Gontero, P., Steinberg, G. D., McConkey, D., Babjuk, M., 

Alfred Witjes, J., & Kamat, A. M. (2021). 100 years of Bacillus Calmette–Guérin 
immunotherapy: from cattle to COVID-19. Nature Reviews Urology, 18(10), 611-

622. https://doi.org/10.1038/s41585-021-00481-1  

Luo, J., Hu, Y.-L., & Wang, H. (2017). Ursolic acid inhibits breast cancer growth by 
inhibiting proliferation, inducing autophagy and apoptosis, and suppressing 

inflammatory responses via the PI3K/AKT and NF-κB signaling pathways in vitro. 
Experimental and therapeutic medicine, 14(4), 3623-3631. 

https://doi.org/10.3892/etm.2017.4965  

Malmström, P.-U., Sylvester, R. J., Crawford, D. E., Friedrich, M., Krege, S., Rintala, E., 
Solsona, E., Di Stasi, S. M., & Witjes, J. A. (2009). An Individual Patient Data 

Meta-Analysis of the Long-Term Outcome of Randomised Studies Comparing 
Intravesical Mitomycin C versus Bacillus Calmette-Guérin for Non–Muscle-

Invasive Bladder Cancer. European Urology, 56(2), 247-256. 
https://doi.org/https://doi.org/10.1016/j.eururo.2009.04.038  

Manouchehri, J. M., & Kalafatis, M. (2018). Ursolic Acid Promotes the Sensitization of 

rhTRAIL-resistant Triple-negative Breast Cancer. Anticancer Research, 38(12), 
6789. https://doi.org/10.21873/anticanres.13050  

Markovic, M., Ben-Shabat, S., & Dahan, A. (2020). Prodrugs for Improved Drug 
Delivery: Lessons Learned from Recently Developed and Marketed Products. 
Pharmaceutics, 12(11), 1031. https://doi.org/10.3390/pharmaceutics12111031  

Martin, J. W., Carballido, E. M., Ahmed, A., Farhan, B., Dutta, R., Smith, C., & Youssef, 
R. F. (2016). Squamous cell carcinoma of the urinary bladder: Systematic review 

of clinical characteristics and therapeutic approaches. Arab journal of urology, 
14(3), 183-191. https://doi.org/10.1016/j.aju.2016.07.001  

Matulewicz, R. S., DeLancey, J. O., & Meeks, J. J. (2017). Cystoscopy. JAMA, 317(11), 

1187-1187. https://doi.org/10.1001/jama.2017.0364  

https://doi.org/https:/doi.org/10.1016/j.ejphar.2014.05.051
https://doi.org/10.1038/s41585-021-00481-1
https://doi.org/10.3892/etm.2017.4965
https://doi.org/https:/doi.org/10.1016/j.eururo.2009.04.038
https://doi.org/10.21873/anticanres.13050
https://doi.org/10.3390/pharmaceutics12111031
https://doi.org/10.1016/j.aju.2016.07.001
https://doi.org/10.1001/jama.2017.0364


35 
 

Mowatt, G., Zhu, S., Kilonzo, M., Boachie, C., Fraser, C., Griffiths, T. R. L., N’Dow, J., 
Nabi, G., Cook, J., & Vale, L. (2010). Systematic review of the clinical 

effectiveness and cost-effectiveness of photodynamic diagnosis and urine 
biomarkers (FISH, ImmunoCyt, NMP22) and cytology for the detection and 

follow-up of bladder cancer. 14, 4. https://doi.org/10.3310/hta14040  

Najjar, A., & Karaman, R. (2019). The prodrug approach in the era of drug design. 
Expert Opinion on Drug Delivery, 16(1), 1-5. 

https://doi.org/10.1080/17425247.2019.1553954  

NCBI. (2022). PubChem Compound Summary for CID 64945, Ursolic acid. 

https://pubchem.ncbi.nlm.nih.gov/compound/Ursolic-acid  

NCI Dictionaries.  National Cancer Institute. 
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/fulguration 

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/stage-ii-
bladder-cancer 

Nepple, K. G., & O'Donnell, M. A. (2009). The optimal management of T1 high -grade 
bladder cancer. Canadian Urological Association journal = Journal de 
l'Association des urologues du Canada, 3(6 Suppl 4), S188-S192. 

https://pubmed.ncbi.nlm.nih.gov/20019983 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792452/  

Nguyen, N.-H., Ha, T. K. Q., Yang, J.-L., Pham, H. T. T., & Oh, W. K. (2021). 
Triterpenoids from the genus Gynostemma: Chemistry and pharmacological 
activities. Journal of Ethnopharmacology, 268, 113574. 

https://doi.org/https://doi.org/10.1016/j.jep.2020.113574  

Nováková, L., Matysová, L., & Solich, P. (2006). Advantages of application of UPLC in 

pharmaceutical analysis. Talanta, 68(3), 908-918. 
https://doi.org/https://doi.org/10.1016/j.talanta.2005.06.035  

Olech, M., Ziemichód, W., & Nowacka-Jechalke, N. (2021). The Occurrence and 

Biological Activity of Tormentic Acid-A Review. Molecules (Basel, Switzerland), 
26(13), 3797. https://doi.org/10.3390/molecules26133797  

Oliveira, M. C. d., Caires, H. R., Oliveira, M. J., Fraga, A., Vasconcelos, M. H., & 
Ribeiro, R. (2020). Urinary Biomarkers in Bladder Cancer: Where Do We Stand 
and Potential Role of Extracellular Vesicles. Cancers, 12(6), 1400. 

https://doi.org/10.3390/cancers12061400  

https://doi.org/10.3310/hta14040
https://doi.org/10.1080/17425247.2019.1553954
https://pubchem.ncbi.nlm.nih.gov/compound/Ursolic-acid
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/fulguration
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/stage-ii-bladder-cancer
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/stage-ii-bladder-cancer
https://pubmed.ncbi.nlm.nih.gov/20019983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792452/
https://doi.org/https:/doi.org/10.1016/j.jep.2020.113574
https://doi.org/https:/doi.org/10.1016/j.talanta.2005.06.035
https://doi.org/10.3390/molecules26133797
https://doi.org/10.3390/cancers12061400


36 
 

Pitt, J. J. (2009). Principles and applications of liquid chromatography-mass 
spectrometry in clinical biochemistry. The Clinical biochemist. Reviews, 30(1), 

19-34. https://pubmed.ncbi.nlm.nih.gov/19224008 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2643089/  

Porten, S. P., Leapman, M. S., & Greene, K. L. (2015). Intravesical chemotherapy in 
non-muscle-invasive bladder cancer. Indian journal of urology : IJU : journal of 
the Urological Society of India, 31(4), 297-303. https://doi.org/10.4103/0970-

1591.166446  

Prasad, S., Yadav, V. R., Sung, B., Gupta, S. C., Tyagi, A. K., & Aggarwal, B. B. (2016). 

Ursolic acid inhibits the growth of human pancreatic cancer and enhances the 
antitumor potential of gemcitabine in an orthotopic mouse model through 
suppression of the inflammatory microenvironment. Oncotarget, 7(11), 13182-

13196. https://doi.org/10.18632/oncotarget.7537  

Rainville, P. D. (2013). Critical Evaluation of the Effects of Various Sample Clean Up 

Approaches for Micro Fluidic LC/MS in Bioanalysis. Waters. 
https://www.waters.com/webassets/cms/library/docs/2013asms_rainville_bioanal
ysis.pdf 

Ren, C., Kong, D., Ning, C., Xing, H., Cheng, Y., Zhang, Y., Lu, Y., Li, N., Chen, X., & 
Zhao, D. (2021). Improved Pharmacokinetic Characteristics of Ursolic Acid in 

Rats Following Intratracheal Instillation and Nose-Only Inhalation Exposure. 
Journal of Pharmaceutical Sciences, 110(2), 905-913. 
https://doi.org/10.1016/j.xphs.2020.10.006  

Richterstetter, M., Wullich, B., Amann, K., Haeberle, L., Engehausen, D. G., Goebell, P. 
J., & Krause, F. S. (2012). The value of extended transurethral resection of 

bladder tumour (TURBT) in the treatment of bladder cancer 
[https://doi.org/10.1111/j.1464-410X.2011.10904.x]. BJU international, 110(2b), 
E76-E79. https://doi.org/https://doi.org/10.1111/j.1464-410X.2011.10904.x  

Sack, H. (2016). Mikhail Tsvet – the Father of Chromatography. SciHi Blog. 
http://scihi.org/mikhail-tsvet-chromatography/ 

Savjani, K. T., Gajjar, A. K., & Savjani, J. K. (2012). Drug solubility: importance and 
enhancement techniques. ISRN pharmaceutics, 2012, 195727-195727. 
https://doi.org/10.5402/2012/195727  

https://pubmed.ncbi.nlm.nih.gov/19224008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2643089/
https://doi.org/10.4103/0970-1591.166446
https://doi.org/10.4103/0970-1591.166446
https://doi.org/10.18632/oncotarget.7537
https://www.waters.com/webassets/cms/library/docs/2013asms_rainville_bioanalysis.pdf
https://www.waters.com/webassets/cms/library/docs/2013asms_rainville_bioanalysis.pdf
https://doi.org/10.1016/j.xphs.2020.10.006
https://doi.org/10.1111/j.1464-410X.2011.10904.x
https://doi.org/https:/doi.org/10.1111/j.1464-410X.2011.10904.x
http://scihi.org/mikhail-tsvet-chromatography/
https://doi.org/10.5402/2012/195727


37 
 

Schmitz-Dräger, B. J., Tirsar, L. A., Schmitz-Dräger, C., Dörsam, J., Mellan, Z., 
Bismarck, E., & Ebert, T. (2008). Immunocytology in the assessment of patients 

with asymptomatic hematuria. World Journal of Urology, 26(1), 31-37. 
https://doi.org/10.1007/s00345-007-0228-x  

Seo, D. Y., Lee, S. R., Heo, J. W., No, M. H., Rhee, B. D., Ko, K. S., Kwak, H. B., & 
Han, J. (2018). Ursolic acid in health and disease. Korean J Physiol Pharmacol, 
22(3), 235-248. https://doi.org/10.4196/kjpp.2018.22.3.235  

Shan, J.-Z., Xuan, Y.-Y., Zhang, Q., & Huang, J.-J. (2016). Ursolic acid sensitized colon 
cancer cells to chemotherapy under hypoxia by inhibiting MDR1 through HIF-1α. 

Journal of Zhejiang University. Science. B, 17(9), 672-682. 
https://doi.org/10.1631/jzus.B1600266  

Shelley, M. D., Wilt, T. J., Court, J., Coles, B., Kynaston, H., & Mason, M. D. (2004). 

Intravesical bacillus Calmette-Guérin is superior to mitomycin C in reducing 
tumour recurrence in high-risk superficial bladder cancer: a meta-analysis of 

randomized trials [https://doi.org/10.1111/j.1464-410X.2003.04655.x]. BJU 
international, 93(4), 485-490. https://doi.org/https://doi.org/10.1111/j.1464-
410X.2003.04655.x  

Siuzdak, G. (2004). An Introduction to Mass Spectrometry Ionization: An Excerpt from 
The Expanding Role of Mass Spectrometry in Biotechnology, 2nd ed.; MCC 

Press: San Diego, 2005. JALA: Journal of the Association for Laboratory 
Automation, 9(2), 50-63. https://doi.org/10.1016/j.jala.2004.01.004  

Şoica, C., Voicu, M., Ghiulai, R., Dehelean, C., Racoviceanu, R., Trandafirescu, C., 

Roșca, O.-J., Nistor, G., Mioc, M., & Mioc, A. (2021). Natural Compounds in Sex 
Hormone-Dependent Cancers: The Role of Triterpenes as Therapeutic Agents. 

Frontiers in endocrinology, 11, 612396-612396. 
https://doi.org/10.3389/fendo.2020.612396  

Stebounova, L., Ebert, S. M., Murry, L. T., Adams, C. M., & Murry, D. J. (2018). Rapid 

and Sensitive Quantification of Ursolic Acid and Oleanolic Acid in Human Plasma 
Using Ultra-performance Liquid Chromatography-Mass Spectrometry. Journal of 

chromatographic science, 56(7), 644-649. 
https://doi.org/10.1093/chromsci/bmy038  

Tan, Z.-R., Chen, Y., Zhou, G., Cao, S., Peng, X.-D., Wang, Y.-C., Peng, X.-J., Zhang, 

W., & Zhou, H.-H. (2010). LC–MS–MS Quantitative Determination of Ursolic Acid 
in Human Plasma and Its Application to Pharmacokinetic Studies. 

https://doi.org/10.1007/s00345-007-0228-x
https://doi.org/10.4196/kjpp.2018.22.3.235
https://doi.org/10.1631/jzus.B1600266
https://doi.org/10.1111/j.1464-410X.2003.04655.x
https://doi.org/https:/doi.org/10.1111/j.1464-410X.2003.04655.x
https://doi.org/https:/doi.org/10.1111/j.1464-410X.2003.04655.x
https://doi.org/10.1016/j.jala.2004.01.004
https://doi.org/10.3389/fendo.2020.612396
https://doi.org/10.1093/chromsci/bmy038


38 
 

Chromatographia, 72(11), 1107-1113. https://doi.org/10.1365/s10337-010-1797-
1  

Treatment of Bladder Cancer, by Stage. (2021).  American Cancer Society. 
https://www.cancer.org/cancer/bladder-cancer/treating/by-stage.html 

van der Meijden, A. P. M., Sylvester, R. J., Oosterlinck, W., Hoeltl, W., & Bono, A. V. 
(2003). Maintenance Bacillus Calmette-Guerin for Ta T1 Bladder Tumors Is Not 
Associated with Increased Toxicity: Results from a European Organisation for 

Research and Treatment of Cancer Genito-Urinary Group Phase III Trial. 
European Urology, 44(4), 429-434. https://doi.org/https://doi.org/10.1016/S0302-

2838(03)00357-9  

Vignaroli, G., Zamperini, C., Dreassi, E., Radi, M., Angelucci, A., Sanità, P., Crespan, 
E., Kissova, M., Maga, G., Schenone, S., Musumeci, F., & Botta, M. (2013). 

Pyrazolo[3,4-d]pyrimidine Prodrugs: Strategic Optimization of the Aqueous 
Solubility of Dual Src/Abl Inhibitors. ACS medicinal chemistry letters, 4(7), 622-

626. https://doi.org/10.1021/ml4000782  

von der Maase, H., Hansen, S. W., Roberts, J. T., Dogliotti, L., Oliver, T., Moore, M. J., 
Bodrogi, I., Albers, P., Knuth, A., Lippert, C. M., Kerbrat, P., Sanchez Rovira, P., 

Wersall, P., Cleall, S. P., Roychowdhury, D. F., Tomlin, I., Visseren -Grul, C. M., 
& Conte, P. F. (2000). Gemcitabine and Cisplatin Versus Methotrexate, 

Vinblastine, Doxorubicin, and Cisplatin in Advanced or Metastatic Bladder 
Cancer: Results of a Large, Randomized, Multinational, Multicenter, Phase III 
Study. Journal of Clinical Oncology, 18(17), 3068-3077. 

https://doi.org/10.1200/JCO.2000.18.17.3068  

von der Maase, H., Sengelov, L., Roberts, J. T., Ricci, S., Dogliotti, L., Oliver, T., Moore, 

M. J., Zimmermann, A., & Arning, M. (2005). Long-Term Survival Results of a 
Randomized Trial Comparing Gemcitabine Plus Cisplatin, With Methotrexate, 
Vinblastine, Doxorubicin, Plus Cisplatin in Patients With Bladder Cancer. Journal 

of Clinical Oncology, 23(21), 4602-4608. 
https://doi.org/10.1200/JCO.2005.07.757  

Wang, X.-J., Sun, Z., Villeneuve, N. F., Zhang, S., Zhao, F., Li, Y., Chen, W., Yi, X., 
Zheng, W., Wondrak, G. T., Wong, P. K., & Zhang, D. D. (2008). Nrf2 enhances 
resistance of cancer cells to chemotherapeutic drugs, the dark side of Nrf2. 

Carcinogenesis, 29(6), 1235-1243. https://doi.org/10.1093/carcin/bgn095  

https://doi.org/10.1365/s10337-010-1797-1
https://doi.org/10.1365/s10337-010-1797-1
https://www.cancer.org/cancer/bladder-cancer/treating/by-stage.html
https://doi.org/https:/doi.org/10.1016/S0302-2838(03)00357-9
https://doi.org/https:/doi.org/10.1016/S0302-2838(03)00357-9
https://doi.org/10.1021/ml4000782
https://doi.org/10.1200/JCO.2000.18.17.3068
https://doi.org/10.1200/JCO.2005.07.757
https://doi.org/10.1093/carcin/bgn095


39 
 

Weidner, S. M., & Falkenhagen, J. (2011). LC-MALDI-TOF Imaging MS: A New 
Approach in Combining Chromatography and Mass Spectrometry of Copolymers. 

Analytical Chemistry, 83(23), 9153-9158. https://doi.org/10.1021/ac202380n  

What Is Bladder Cancer? (2019).  American Cancer Society. 

https://www.cancer.org/cancer/bladder-cancer/about/what-is-bladder-
cancer.html#:~:text=Papillary%20carcinomas%20grow%20in%20slender,called
%20non%2Dinvasive%20papillary%20cancers. 

Woldu, S. L., Bagrodia, A., & Lotan, Y. (2017). Guideline of guidelines: non-muscle-
invasive bladder cancer. BJU international, 119(3), 371-380. 

https://doi.org/10.1111/bju.13760  

Wu, K.-M. (2009). A New Classification of Prodrugs: Regulatory Perspectives. 
Pharmaceuticals (Basel, Switzerland), 2(3), 77-81. 

https://doi.org/10.3390/ph2030077  

Wu, S., Zhang, T., & Du, J. (2016). Ursolic acid sensitizes cisplatin -resistant 

HepG2/DDP cells to cisplatin via inhibiting Nrf2/ARE pathway. Drug design, 
development and therapy, 10, 3471-3481. 
https://doi.org/10.2147/DDDT.S110505  

Xia, Y., Wei, G., Si, D., & Liu, C. (2011). Quantitation of ursolic acid in human plasma by 
ultra performance liquid chromatography tandem mass spectrometry and its 

pharmacokinetic study. Journal of Chromatography B, 879(2), 219-224. 
https://doi.org/https://doi.org/10.1016/j.jchromb.2010.11.037  

Xiang, Y., Liu, Y., & Lee, M. L. (2006). Ultrahigh pressure liquid chromatography using 

elevated temperature. Journal of Chromatography A, 1104(1), 198-202. 
https://doi.org/https://doi.org/10.1016/j.chroma.2005.11.118  

Xiong, Y., Ju, L., Yuan, L., Chen, L., Wang, G., Xu, H., Peng, T., Luo, Y., Xiao, Y., & 
Wang, X. (2021). KNSTRN promotes tumorigenesis and gemcitabine resistance 
by activating AKT in bladder cancer. Oncogene, 40(9), 1595-1608. 

https://doi.org/10.1038/s41388-020-01634-z  

Yafi, F. A., Brimo, F., Steinberg, J., Aprikian, A. G., Tanguay, S., & Kassouf, W. (2015). 

Prospective analysis of sensitivity and specificity of urinary cytology and other 
urinary biomarkers for bladder cancer. Urologic Oncology: Seminars and Original 
Investigations, 33(2), 66.e25-66.e31. 

https://doi.org/https://doi.org/10.1016/j.urolonc.2014.06.008  

https://doi.org/10.1021/ac202380n
https://www.cancer.org/cancer/bladder-cancer/about/what-is-bladder-cancer.html#:~:text=Papillary%20carcinomas%20grow%20in%20slender,called%20non%2Dinvasive%20papillary%20cancers
https://www.cancer.org/cancer/bladder-cancer/about/what-is-bladder-cancer.html#:~:text=Papillary%20carcinomas%20grow%20in%20slender,called%20non%2Dinvasive%20papillary%20cancers
https://www.cancer.org/cancer/bladder-cancer/about/what-is-bladder-cancer.html#:~:text=Papillary%20carcinomas%20grow%20in%20slender,called%20non%2Dinvasive%20papillary%20cancers
https://doi.org/10.1111/bju.13760
https://doi.org/10.3390/ph2030077
https://doi.org/10.2147/DDDT.S110505
https://doi.org/https:/doi.org/10.1016/j.jchromb.2010.11.037
https://doi.org/https:/doi.org/10.1016/j.chroma.2005.11.118
https://doi.org/10.1038/s41388-020-01634-z
https://doi.org/https:/doi.org/10.1016/j.urolonc.2014.06.008


40 
 

Yun, S. J., Kim, S.-K., & Kim, W.-J. (2016). How do we manage high-grade T1 bladder 
cancer? Conservative or aggressive therapy? Investigative and clinical urology, 

57 Suppl 1(Suppl 1), S44-S51. https://doi.org/10.4111/icu.2016.57.S1.S44  

Zaghloul, M. S., Christodouleas, J. P., Smith, A., Abdallah, A., William, H., Khaled, H. 

M., Hwang, W.-T., & Baumann, B. C. (2018). Adjuvant Sandwich Chemotherapy 
Plus Radiotherapy vs Adjuvant Chemotherapy Alone for Locally Advanced 
Bladder Cancer After Radical Cystectomy: A Randomized Phase 2 Trial. JAMA 

Surgery, 153(1), e174591-e174591. https://doi.org/10.1001/jamasurg.2017.4591  

Zhang, W. Q., & Hu, C. Q. (2010). [Theory of selectivity of RP-LC C18 column and its 

application]. Yao Xue Xue Bao, 45(5), 555-559.  

Zhang, Y., Zhang, Z., Fawcett, J. P., & Gu, J. (2022). A novel, differential mobility 
spectrometry tandem mass spectrometric method for the in vivo quantitation of 

ursolic acid. Journal of Pharmaceutical and Biomedical Analysis, 210, 114559. 
https://doi.org/https://doi.org/10.1016/j.jpba.2021.114559  

Zhao, L., Li, W., Li, Y., Xu, H., Lv, L., Wang, X., Chai, Y., & Zhang, G. (2015). 
Simultaneous Determination of Oleanolic and Ursolic Acids in Rat Plasma by 
HPLC–MS: Application to a Pharmacokinetic Study After Oral Administration of 

Different Combinations of QingGanSanJie Decoction Extracts. Journal of 
chromatographic science, 53(7), 1185-1192. 

https://doi.org/10.1093/chromsci/bmu217  

Zheng, Q.-y., Li, P.-p., Jin, F.-s., Yao, C., Zhang, G.-h., Zang, T., & Ai, X. (2013). Ursolic 
acid induces ER stress response to activate ASK1–JNK signaling and induce 

apoptosis in human bladder cancer T24 cells. Cellular Signalling, 25(1), 206-213. 
https://doi.org/https://doi.org/10.1016/j.cellsig.2012.09.012  

Žuvela, P., Skoczylas, M., Jay Liu, J., Ba̧czek, T., Kaliszan, R., Wong, M. W., & 
Buszewski, B. (2019). Column Characterization and Selection Systems in 
Reversed-Phase High-Performance Liquid Chromatography. Chemical Reviews, 

119(6), 3674-3729. https://doi.org/10.1021/acs.chemrev.8b00246  

 

 

 

 

https://doi.org/10.4111/icu.2016.57.S1.S44
https://doi.org/10.1001/jamasurg.2017.4591
https://doi.org/https:/doi.org/10.1016/j.jpba.2021.114559
https://doi.org/10.1093/chromsci/bmu217
https://doi.org/https:/doi.org/10.1016/j.cellsig.2012.09.012
https://doi.org/10.1021/acs.chemrev.8b00246


41 
 

TABLES 

Table 1 Calibration curves of UA and UA 4 in plasma (n = 4). 

Analyte Slope Intercept R2 

UA 0.0840 ± 0.0062 0.0506 ± 0.0490 0.9945 ± 0.0038 

UA 4 4.2303 ± 0.1841 2.9898 ± 3.3246 0.9905 ± 0.0061 
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Table 2 Accuracy and precision of UA and UA 4 in rat plasma (n = 5 for intra-day) (n = 15 for inter-day). 

Analyte 

Nominal 

conc. 
(ng/mL) 

Intra-day Inter-day 

Measured 
conc. ± 

S.D (ng/mL) 

Precision 
(RSD (%)) 

Accuracy 
(RE (%)) 

Measured 
conc. ± 

S.D (ng/mL) 

Precision 
(RSD (%)) 

Accuracy 
(RE (%)) 

UA 

4 (LLOQ) 3.91 ± 0.17 4.47 -2.22 4.15 ± 0.25 6.14 3.74 

12 (LQC) 13.68 ± 0.33 2.40 14.00 13.24 ±0.44 3.32 10.30 

60 (MQC) 65.27 ± 1.25 1.91 8.79 67.54 ± 2.00 2.96 12.56 

160 (HQC) 155.42 ± 2.09 1.34 -2.86 163.56 ± 6.58 4.02 2.23 

UA 4 

4 (LLOQ) 4.00 ± 0.13 3.31 -0.01 3.94 ± 0.21 5.26 -1.43 

12 (LQC) 12.84 ± 0.47 3.65 7.02 12.36 ± 0.78 6.28 2.96 

60 (MQC) 59.04 ± 0.72 1.23 -1.60 62.81 ± 5.30 8.43 4.68 

160 (HQC) 145.19 ± 5.44 3.74 -9.26 156.96 ± 12.83 8.17 -1.90 
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Table 3 Recovery (n = 3) of UA and UA 4. 

Analyte 
Nominal 
conc. 

(ng/mL) 

Relative 
Recovery 

(%) 

Absolute 
Recovery 

(%) 

Matrix 
Effect 

(%) 

UA 

12 (LQC) 68.53 ± 2.42 37.24 ± 1.32 54.34 ± 0.74 

60 (MQC) 67.03 ± 1.41 35.69 ± 0.75 53.25 ± 0.74 

160 (HQC) 70.28 ± 0.78 37.47 ± 0.42 53.32 ± 0.78 

UA 4 

12 (LQC) 76.80 ± 4.05 123.01 ± 6.48 160.16 ± 10.38 

60 (MQC) 71.60 ± 3.27 115.32 ± 5.26 161.06 ± 5.55 

160 (HQC) 76.60 ± 1.13 110.37 ± 1.6 144.09 ± 0.57 

 

Table 4 Stability studies of UA and UA 4: autosampler stability (n = 5), bench top 

stability (n = 3), and freeze-thaw cycle 3 stability (n = 3). 

Analyte Stability 
Nominal 
conc. 

(ng/mL) 

Measured 
conc. ± 

S.D (ng/mL) 

Accuracy 

(RE (%)) 

UA 

Autosampler 

stability 

12 (LQC) 12.73 ± 0.53 6.09 

160 (HQC) 165.03 ± 0.82 3.14 

Bench top 
stability 

12 (LQC) 13.06 ± 1.10 8.81 
160 (HQC) 148.89 ± 3.15 -6.94 

Freeze-thaw 
stability 

12 (LQC) 12.80 ± 0.10 6.65 
160 (HQC) 164.87 ± 1.98 3.04 

UA 4 

Autosampler 
stability 

12 (LQC) 13.20 ± 0.87 10.02 
160 (HQC) 163.15 ± 2.43 1.97 

Bench top 

stability 

12 (LQC) 13.67 ± 0.52 13.90 

160 (HQC) 148.68 ± 3.24 -7.07 

Freeze-thaw 
stability 

12 (LQC) 12.30 ± 2.21 2.46 
160 (HQC) 140.66 ± 8.36 -12.09 
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FIGURES 

Figure 1 Chemical structures of ursolic acid (MW = 456.71 g/mol), UA 4 (MW = 639.02 

g/mol), and β-glycyrrhetinic acid (MW = 470.68 g/mol). 
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Figure 2 Representative MRM chromatograms of β-glycyrrhetinic acid (IS), UA, and UA 

4 at 4 ng/mL (LLOQ). 

Figure 3 A) Ursolic acid at 4 ng/mL (LLOQ) compared to B) Blank plasma. 
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Figure 4 A) UA 4 at 4 ng/mL (LLOQ) compared to B) Blank plasma. 

Figure 5 A) β-glycyrrhetinic acid (IS) compared to B) Blank plasma 
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