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Abstract 

Hepatic toxicity due to acetaminophen (APAP) is the leading cause of acute liver 

failure in the United States.  Acetaminophen is largely metabolized by sulfotransferases 

and glucuronyl transferases.  Once these enzymes are saturated, APAP is metabolized 

by CYP450 enzymes, particularly CYP2E1, into a hepatotoxic metabolite called N-acetyl-

ρ-benzoquinone imine (NAPQI).  Quantitatively measuring the accumulation of this toxic 

metabolite has been an elusive topic in previous literature.  The analysis of the complex 

that NAPQI forms with hepatic glutathione (NAPQI-GSH) is the most reliable approach to 

quantitate metabolite formation.  Using HPLC, incubations of increasing concentrations of 

APAP using human liver microsomes were performed in order to quantify toxic metabolite.  

To determine if the NADPH-regenerating system within the reaction was functioning as 

expected, incubations with midazolam, a benzodiazepine which undergoes CYP450 

metabolism to hydroxylated metabolites, were performed 

 Concentrations of 2 µM, 5 µM, 20 µM, 50 µM, 200 µM, 500 µM, and 1mM APAP 

were used for incubations.  Incubations consisted of NADPH-regenerating system 

including NADP+, MgCl2, sodium citrate, glucose-6-phosphate (G6P), and G6P 

dehydrogenase.  Phosphate buffer and 1mM APAP (stock) were used as standards.  

Mobile phase consisted of 80% potassium phosphate (pH 2.2) and 20% methanol.  A 

reverse-phase C18 column was used to analyze the products of the reactions (Waters 

Nova-Pak® C18 (4µm; 3.9x150mm)).  UV absorbance was measured at 254nm.  

Midazolam incubations were analyzed using a Waters Nova-Pak® C18 (4µm; 

3.9x150mm) HPLC column. 

 The NAPQI-GSH metabolite peak was not clearly defined with the specified 

method.  HPLC analysis of APAP incubations yielded no significant metabolite peak 

formation.  Further investigation using a similar HPLC method is needed.   
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An In-Vitro Approach to Identifying 
Potential Drug Candidates to Prevent 
Acetaminophen Toxicity 
 

Chapter 1: Introduction 

Acetaminophen (N-acetyl-p-aminophenol, APAP), also known by the brand name 

of Tylenol, is one of the most widely used antipyretic and analgesic over-the-

counter medications (Ameer and Greenblatt, 1977).  Compared to non-steroidal 

anti-inflammatory drugs (NSAID’s) such as naproxen and ibuprofen, 

acetaminophen has a relatively low antipyretic effect.  A common feature that both 

NSAIDs and other analgesic medications like acetaminophen share is the 

mechanism of pain relief.  Both non-opioid analgesics inhibit COX enzymes that 

are involved in the regulation of pain and inflammation via the activation of pro-

inflammatory cytokines called prostaglandins.  These drugs particularly target 

COX-2, which are expressed mainly within inflamed tissues (Voloshyna et al., 

2016).  This specificity for COX-2 results in less gastric adverse effects as well.  At 

therapeutic doses, APAP is often recommended as a first-line treatment for 

headaches, and the drug is safe and effective.  However, upon overdose, severe 

liver damage can result that can be fatal (Hazai et al., 2002).  Acetaminophen 

toxicity is the number one cause of acute liver failure in the US.  The FDA advises 

not to take more than 4g of APAP per day.  From 1990-1998, overdose of APAP 

was implicated in the cause of an estimated 56,000 emergency room visits, 26,000 
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hospitalizations, and 458 deaths (FDA: “Acetaminophen Overdose and Liver 

Injury”).   

Once ingested, APAP is readily absorbed by the small intestine and 

metabolized in the liver.  Due to this rapid absorption, APAP overdose is one of 

the most common causes of drug-induced hepatotoxicity in the US (Hazai et al., 

2002) and leads to more calls to poison control centers in the US than any other 

pharmacologic substance (Lynch et al., 2007). 

                     

 

 

 

 

 

Figure 1.1: Clinical Presentations at Different Phases of APAP 

Toxicity 

Source: Medscape 

(http://emedicine.medscape.com/article/820200-overview) 
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Drugs that undergo hepatic metabolism are acted upon by enzyme 

complexes, which can transform the drug to a more polar substance so that it can 

be excreted in the urine.  These enzyme complexes are called cytochrome P450 

(CYP450) enzymes.  There are more than 50 different types of CYP enzymes 

which are expressed in various regions of the body besides the liver.  However, 

only 6 of these types (CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and 

CYP3A5) metabolize approximately 90% of drugs (Lynch et al., 2007).  The 

metabolic transformation of APAP begins when the drug interacts with glucuronyl 

Figure 1.2: Metabolic pathway of APAP. Source: Larson et al., 2007 
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transferase and sulfotransferase enzymes.  Approximately 85-90% of a 

therapeutic dose of APAP undergoes sulfation and glucuronidation to form non-

toxic, polar metabolites that are excreted in the urine.  However, once these 

enzyme systems become saturated with APAP, the remaining amounts of the drug 

undergoes oxidation by hepatic cytochrome P-450 enzymes (mainly CYP2E1) to 

form a toxic, highly electrophilic intermediate, N-acetyl-p-benzoquinone imine 

(NAPQI) (Xie et al., 2016, Laine et al., 2009).  At therapeutic doses of APAP, 

NAPQI is detoxified by forming a complex with glutathione (GSH), which is one of 

the principal antioxidants in the liver.  With overdose of APAP, the available pool 

of glutathione is depleted, and the free NAPQI molecules can bind to hepatic 

proteins, causing oxidative stress and necrosis (Tan et al., 2008).  Some 

individuals, such as liver disease patients and alcohol users, may be more 

susceptible to liver toxicity while taking acetaminophen (Wolf et al., 2007).  In this 

case, toxicity can be reached in these individuals at lower doses than others (Lee, 

2003).  A reliable method of measuring NAPQI formation directly has not been 

developed, since NAPQI is very reactive.  Thus, measuring the formation of NAPQI 

requires the quantification of the short-lived complex that NAPQI makes with GSH 

(NAPQI-GSH). 

Toxic doses of APAP can also influence antioxidant activity in the liver. 

Oxidative stress can promote the activation of pro-inflammatory cytokines, such as 

TNF-α and IL-1β, which can further worsen APAP-induced hepatic injury.  Upon 

metabolism of APAP into the NAPQI metabolite, there is an increase in circulating 

levels of both AST and ALT levels in the blood (El-Shafey et al., 2015).  
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Fortunately, there are treatments available that can decrease this inflammatory 

response and potentially prevent hepatic injury following toxic exposure to APAP.  

Currently, the first-line treatment for the reversal of hepatotoxicity caused by APAP 

is administration of oral or IV N-acetylcysteine.  Acetylcysteine is a prodrug for L-

cysteine, which is a precursor for the formation of GSH.  Therefore, N-

acetylcysteine administration has three main benefits: 1. Replenishes the available 

pool of GSH in the liver and prevents the expression of inflammatory cytokines 

such as NF-κB, 2. Blocks cyclooxygenase 2 (COX-2) signaling that would lead to 

the formation of inflammation-induced prostaglandins, and 3. Enhances 

conjugation and deactivation of NAPQI.   

Recently, natural substances have been evaluated as an approach to 

modifying or preventing APAP toxicity.  One of these is the flavonol compound, 

quercetin.  Quercetin is commonly found in nature in sources such as apples, 

berries, and onions (Costa et al., 2016).  This chemical acts as a scavenger of 

toxic free radicals and has potent anti-inflammatory actions.  It has been suggested 

that quercetin can be co-administered with already-established anti-rheumatic 

drugs in the treatment of rheumatoid arthritis (Ji et al., 2013).  An experimental in-

vivo study showed that upon administration of quercetin after a single dose of 

APAP (3g/kg), mice showed significantly lower serum AST and ALT compared to 

mice given APAP alone (El-Shafey et al. 2015).  Another in-vitro study showed that 

isoquercitrin, a derivative of quercetin, exhibited hepatoprotective and anti-

inflammatory behavior when given prior to APAP administration (Xie et al., 2016).  
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This study also showed that when given alone, isoquercitrin inhibited CYP2E1 

activity.  

The objective of the current study is to investigate the role of CYP2E1 

inhibition in the metabolism of APAP using human liver microsomes (HLM).  At the 

same time, the mechanisms of action of several natural compounds including 

quercetin and green tea extract, which have similar antioxidant effects, will be 

investigated.  To determine if there is a decrease in NAPQI formation upon APAP 

introduction, an inhibitor of CYP2E1 must be applied.  Diethyl-dithiocarbamate 

(DDC) is the metabolite of the acetaldehyde dehydrogenase inhibitor, disulfiram.  

In addition to its role in the treatment of alcoholism, disulfiram and its metabolite 

are being suggested as an approach to treat hepatocellular carcinoma (HCC) 

(Goto et al., 2016, Wang et al., 2016).  DDC inhibits NAPQI formation in-vitro more 

effectively than its parent drug (Goto et al. 2016). 

                                                               

                       

                                         

                                      

Quercetin Green Tea Extract 

(epigallocatechin gallate) 

Sodium Diethyldithiocarbamate (DDC) 
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Chapter 2: Materials and Methods 

2.1: Chemicals 

Acetaminophen (APAP), glutathione (GSH), NADP+, glucose-6 phosphate, 

glucose-6-phosphate dehydrogenase, sodium citrate, magnesium chloride, and 

DDC were all purchased from Sigma Aldrich.  Potassium phosphate, methanol, 

and acetonitrile were purchased from Fisher Scientific.  NAPQI was purchased 

from Cayman Chemical. 

2.2: In-vitro metabolism of APAP 

Varying concentrations of APAP (2, 5, 20, 50, 200, 500, and 1000uM) were placed 

in a vacuum centrifuge to yield a final incubation volume of 150µl.  Cofactors used 

for energy production were NADP+ (5mM), glucose-6-phosphate (3.3mM), 

glucose-6-phosphate dehydrogenase (5units/ml), sodium citrate (0.5mM), 

magnesium chloride (3.3mM), and glutathione (5mM) (Table 1).  Human liver 

microsomes (HLM 866) (1mg/ml) were added with potassium phosphate buffer 

(50mM; pH 7.4) to yield a final reaction volume of 150µl.   

Cofactor was incubated within a Blue M Magni Whirl constant temperature water 

bath set at 37°C for 5 minutes.  After this, the cofactor was immediately placed in 

the vials containing dried APAP and placed in the 37°C water bath for 45 minutes.  

The reaction was stopped by the addition of 75ul of ice-cold acetonitrile and placed 

on ice for 2 minutes.  Tubes were centrifuged for 10 minutes at 13,000rpm.  

Supernatant was withdrawn and analyzed by an Agilent 1200 HPLC instrument 

using a Nova-Pak® C18 (4um; 3.9x150mm) reverse phase column.  Mobile phase, 
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which consisted of 80% potassium phosphate buffer (pH= 2.2) and 20% methanol, 

was delivered through the stationary phase under isocratic settings at a flow rate 

of 1ml/min, 254nm.  The HPLC and column were washed with 100% methanol 

after each run sequence. 

 

 

2.3: Cofactor Recipe 

 

 

 

The listed recipe is for a batch of six tubes, but the recipe changes accordingly 

with the number of tubes.  NADP plays an important role in energy production 

through oxidation-reduction reactions.  Another important molecule in this cofactor 

mix is glucose-6-phosphate dehydrogenase (G6PD).  This enzyme is part of the 

pentose phosphate pathway, which is responsible for maintaining intracellular 

Reaction Volume (µL) 150

N 5

Ingredient Stock concentration Desired final concentration Volume per sample (µL) Volume for batch (µL)

NADP (make fresh) (mM) 10 0.5 7.5 37.5

MgCl2 (mM) 20 5 37.5 187.5

GSH (mM) 20 0 0 0

Na citrate (mM) 5 0.5 15 75

Glucose-6-phosphate (mM) 20 3.3 24.75 123.75

G6P-dehydrogenase (in units) 125 5 6 30

HLM (866) (µg/µL) 29.6 0.1 0.5 2.5

Phosphate buffer 50 n/a 58.7 293.7

Table 2.1: Listing of Cofactor Ingredients and Concentrations.  NADP+ stock is made fresh for 

each group of reactions.   
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levels of NADPH.  Other components of the cofactor (sodium citrate, magnesium 

chloride (MgCl2)) aid in maintaining pH balance and stability of the reaction.  

For midazolam incubations, only 5mM MgCl2 and 0.5mM NADP+ are used.   

Glucose-6-phosphate and glucose-6-phosphate dehydrogenase are replaced by 

DL-isocitric acid and isocitric dehydrogenase respectively for midazolam 

incubations (von Moltke et al., 1996, von Moltke et al. 1996). 

2.4: Midazolam Standards and Incubations 

Midazolam (250µM; 150µl) was dried using a vacuum centrifuge.  The cofactor 

ingredients used for these incubations were as follows: 0.05mM NADP+, 3.75mM 

DL-isocitric acid, 1unit/ml isocitric dehydrogenase, 5mM Mg2+, 0.5mg/ml HLM 866, 

and 50mM phosphate buffer (pH 7.7).  The reactions were incubated for 5 minutes 

at 37°C.  The reactions were passed through a Waters Nova-Pak® C18 (4µm; 

3.9x150mm) reverse phase column and analyzed at a UV wavelength of 220nm. 

2.5: HPLC conditions 

HPLC analysis of standards and HLM incubations were conducted mainly under 

isocratic conditions.  Gradient conditions were used only as described.   
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Chapter 3: Results 

3.1: Controls 

APAP and GSH reference standards were injected to establish their 

retention times (Figure 3.1) The GSH peak initially appeared at 3.4 minutes (A).  

However, after several weeks, the GSH peak had relocated to 2.1 minutes (B).  

The APAP peak relocated to 8.7 (C) minutes as compared to 4.2 minutes (D) 

initially.  APAP and GSH reference standards were initially analyzed with a Waters 

µBondapak™ C18 (125A) reverse phase HPLC column (10µm; 3.9x300mm) 

column.  Following the retention time shift, a Waters Nova-Pak® C18 (4µm; 

3.9x150mm) column was used.  This shift in retention time is expected when using 

a new column, especially one with a smaller diameter.  This is also a factor when 

running samples over a period of time. 

For analysis involving midazolam, the parent drug and its metabolites, 1-

hydroxymidazolam and 4-hydroxymidazolam were processed as reference 

standards. 

          

  

A 

GSH 
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NAPQI had more variation in both peak shape and retention time than other 

reference standards.  In Figure 3.2 below, you can see that when NAPQI is 

injected alone, the peak and retention time are both indistinct (A).  Yet, one week 

later using the same column, the peak shape and retention time can be identified 

(B). 

 

B 

Figure 3.1: APAP and GSH reference standards.  GSH (5mM) standards 

run a month apart. GSH and APAP controls (A, B) were analyzed using a 

Waters µBondapak™ C18 (125A) reverse phase HPLC column (10µm; 

3.9x300mm). One month later, GSH and APAP controls (C, D) were 

analyzed using a Waters Nova-Pak® C18 (4µm; 3.9x150mm) reverse phase 

HPLC column. 

C 

D 

APAP 

GSH 

APAP 
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This leads to the next concept of identifying the NAPQI-GSH adduct.  Unlike, the 

pure NAPQI control, this complex only forms during incubations with HLM and 

cofactors (Hazai et al., 2002).  To evaluate this, incubations containing the same 

cofactor mixture  and HLM as described before were performed.  However, none 

of the peaks below (Figure 3.3) shows a clear indication of when this complex 

eluted, if at all. 

 

Figure 3.2: NAPQI controls using a Waters Nova-Pak® C18 (4µm; 3.9x150mm) reverse phase 

HPLC column.  Top picture shows unclear results as to the retention time of the NAPQI peak (A), 

while the bottom picture shows a more distinct peak with several minor peaks (B).  Both runs were 

performed one week apart while using the same column. 

 

B 

A 
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3.2: APAP Incubations with HLM 

Using dried APAP and an incubation mixture designed to simulate hepatic 

metabolism in-vivo, reactions were performed to potentially identify the NAPQI-

GSH complex.  With increasing concentrations of APAP, it is expected that there 

would be increasing amounts of NAPQI (NAPQI-GSH) being formed from the 

reaction where it is present.  As seen below (Figure 3.4), a peak formed at 

approximately 7.7 minutes which seemed to match the retention time for APAP 

that was mentioned in previous literature (Agarwal et al., 2011).  As the 

concentration of APAP rose, the height of this peak rose as well.    

Figure 3.3: NAPQI-GSH formation.  Reactions shown include HLM.  

Chromatograms showing no discernable difference in accuracy of isolating the 

NAPQI-GSH conjugate under incubation (A) and no incubation (B) conditions. 

A 

B 
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D 
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The elution time of the peak appearing at approximately 7.7 minutes overlaps with 

the elution time of the APAP standard which was injected on the same day.  This 

would lead to the assumption that this peak corresponds to unreacted APAP.  The 

elution time of this peak does not match the elution time of approximately 3.2 

minutes that has been shown for NAPQI in previous literature (Florez-Perez, 

2011).   

 

3.3: Gradient versus Isocratic HPLC 

The above APAP microsomal incubations were analyzed under isocratic 

HPLC conditions.  Next, a gradient HPLC mobile phase was used to enhance 

clarity of metabolite peak formation. 

Using 20mM potassium phosphate buffer and 100% methanol as the two separate 

mobile phases, the gradient for analysis is as follows: from 0-13 minutes, 3.5% 

Figure 3.4: APAP incubations with HLM. APAP reference standard shown in A. APAP concentrations of 

0µM (B), 2µM (C), 5µM (D), 20µM (E), 50µM (F), 200µM (G), 500µM (H), and 1mM (I) show an 

increasingly large peak on the chromatograph eluting at 7.7 minutes.  The height of the peak which elutes 

at approximately 4 minutes does not change significantly.  Y-axis is adjusted to fit peak height in each 

sample. 

I 
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methanol; from 14-24 minutes, 17% methanol.  Flow rate was 1ml/min and UV 

wavelength was 254nm.  As shown in Figure 3.5 below, the gradient method did 

not produce any additional benefit in identifying the NAPQI metabolite peak. 

 

 

 

 

 

 

Figure 3.5: APAP incubations using gradient HPLC.  APAP concentrations of 20µM 

(A), 50µM (B), and 200µM (C) are shown above.  Samples were processed using a 

Waters Nova-Pak® C18 (4µm; 3.9x150mm) reverse-phase HPLC column. 

A 

B 

C 
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3.4: Testing Column Efficiency 

The results depicted in Figure 3.2 illustrate the difference in results over 

time.  Suspecting the possibility of degradation of the inner material within the 

column, and to eliminate the other possibility of peak shifting due to incorrect 

mixture of mobile phase, several repetitions of APAP and GSH injections were 

performed with a wash buffer (phosphate buffer (50mM)) separating them (Figure 

3.6).  Significant differences in peak retention time were noticed in between 

injections of the APAP and GSH reference standards. 

 

 

A 

B 
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3.5: HLM Incubations to Clarify Peak Representation 

In an attempt to clearly identify the resultant peaks for each of the 

components involved in these incubations, HLMs were added in combination with 

these components.  Up until this point, GSH has been included within the cofactor 

mixture and incubated with the other components.  For this test, however, it was 

added separately to only the tubes which were designated to receive it.  Looking 

at Figure 3.7 below, no accurate peak representation can be made using the 

current method. 

Figure 3.6:  Testing HPLC Column Efficiency.  APAP (A,B) and GSH (C,D) controls are 

shown.  A sample of water was processed through the Waters Nova-Pak® C18 (4µm; 

3.9x150mm) reverse-phase HPLC column after each consecutive control to evaluate 

elution efficiency. 

C 

D 
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Sample Contents of Sample

A HLM+Phosphate Buffer

B HLM+Cofactor

C HLM+Cofactor+APAP

D HLM+APAP

E HLM+GSH

F HLM+GSH+Cofactor

G HLM+GSH+APAP

H HLM+GSH+APAP+Cofactor

A 

B 

C 

Table 3.1: Sample layout for HLM test incubations 
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3.6: Midazolam Reference Standards and Incubations 

In order to verify the metabolic activity of the HLM (in that, CYP2E1), reference 

standards and incubations using midazolam, a benzodiazepine mostly 

metabolized by CYP3A4, were evaluated (Figure 3.8).  Midazolam theoretically is 

metabolized and converted into its metabolites 1-hydroxymidazolam  and 4-

hydroxymidazolam.  However, looking at the resulting chromatograms, no 

metabolite peaks are visible.  The retention time of the reference peak for 

midazolam (250µM) is different from the retention time of midazolam for the 

incubation samples.   

 

Figure 3.7: HLM Testing. Incubations of HLM with other components of APAP reaction.The 

incubations were as follows: HLM + phosphate buffer only (A), HLM + cofactor (B), HLM + 

cofactor + APAP (C), HLM + APAP (D), HLM + GSH (E), HLM + GSH + cofactor (F), HLM + 

GSH + APAP (no cofactor) (G), and HLM + GSH + APAP + cofactor (H). The scale of the Y-

axis is adjusted according to peak height for each sample 

H 
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Figure 3.8: Midazolam Standards and Incubations.  (A) Midazolam reference standard 

(250µM); (B) Incubation of cofactor mix and midazolam; (C) Incubation of HLM (in 50mM 

phosphate buffer) with midazolam; (D) Incubation containing HLM, cofactor mix, and 

midazolam. 

A 

B 

C 

D 
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Chapter 4: Discussion 

High pressure liquid chromatography (HPLC) uses high pressure to deliver 

a sample mixture through a separation column.  As solvent is passed through a 

column, compounds within the sample move at different rates due to their 

differential affinities (polar versus nonpolar interactions) for the stationary phase.  

Typically, either silica or carbon beads are packed into the column.  The solvent 

containing the compound of interest is termed the mobile phase.  Typically, mobile 

phase can include a combination of organic (acetonitrile, methanol) and aqueous 

(KH2PO4) liquids.  The mobile phase components can be adjusted depending on 

the polarity of the desired compound to be measured.  To elute a polar compound 

within the mobile phase, the column should contain nonpolar material (carbon).  To 

elute a nonpolar component, the column should be packed with polar material 

(silica beads).  Once a compound is eluted from the column, it passes through a 

UV detector which absorbs a signal proportional to the amount of analyte in the 

mobile phase.  The instrument processes this signal in the form of peaks that 

appear at constant retention times (the duration of time taken to pass through the 

HPLC column).  The height or area of these peaks is proportional to the quantity 

of the compound in the eluent (Source: Waters®) 

Hepatic cytochrome P450 enzymes are responsible for the metabolism and 

transformation of many different compounds, some of which can be more reactive 

and harmful in their transformed state as compared to their original state.  These 

enzymes are membrane-bound to the cell (cyto-) and they contain a heme pigment 

(chrome and P), which absorbs light at a wavelength of 450nm in the presence of 



25 
 

carbon monoxide (CO) (Lynch et al., 2007).  Investigators have used human liver 

microsomes for the analysis of NAPQI-GSH formation previously (Chen et al., 

1998).  Other studies have used mouse liver microsomes to identify the formation 

of the NAPQI-GSH conjugate (Tan et al., 2008).   

 Gradient HPLC is useful when the components of the elution mixture vary 

in terms of polarity.  Unlike with isocratic HPLC, gradient HPLC involves more than 

one mobile phase; organic and aqueous components are mixed prior to passage 

through the reverse-phase column.  The mixture of mobile phases is customized 

to achieve an increase in organic solvent concentration over the course of analysis. 

The indistinct NAPQI peak in Figure 3.2 was thought to be due to column 

degradation since both samples were analyzed with the same column one week 

apart.  However, upon re-evaluation with a new column, the peak formation 

became more distinct yet did not provide a replicable retention time for pure NAPQI 

(B).  At this point, the flow rate was changed from 1.0ml/min to 1.3ml/min to 

determine if the faster flow rate would help elution of metabolite.  This did not 

change the clarity of the NAPQI peak. 

The APAP-GSH incubations with HLM yield two noticeable peaks with 

retention times of approximately 4 and 7.5 minutes.  The peak at 4 minutes likely 

corresponds to most (or all) of the compounds within the incubation cofactor.  The 

peak at 7.5 minutes likely corresponds to APAP, since the APAP reference 

standard eluted at approximately that time and the height of this peak rises with 

increasing concentrations of APAP. 
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As mentioned before, once the NAPQI metabolite is formed, it can either 

bind to the inner lining of the liver or form a complex with GSH which can be easily 

excreted in the urine.  Quantifying NAPQI metabolite formation involves measuring 

the NAPQI-GSH conjugate.  A distinctive peak for NAPQI-GSH was not obtained 

using either isocratic or gradient HPLC techniques.  Altering the concentration of 

the energy-producing component of the cofactor (NADP+) did not have an effect 

on the product yield. 

The batch of incubations in Figure 3.4 were conducted on the same day 

and analyzed using the same HPLC conditions as mentioned earlier.  The peak at 

a retention time of 7.7 minutes which gradually increases in height is assumed to 

be the APAP reference standard peak.  Given the inaccurate results of the pure 

NAPQI standard, it is difficult to make any conclusions as to the formation of the 

NAPQI metabolite or if it forms at all.  This can be a subject of further investigation.   

 One part of this protocol that needs more attention is the energy-producing 

system that drives the reaction.  It seems that the only discernable result that has 

potential to be investigated further is in Figure 3.4 showing a peak whose height 

is increasing with increasing APAP concentrations.  The fact that the NAPQI 

metabolite formation in-vivo is relatively low compared to other, less harmful 

metabolites must be taken into account.  In conclusion, looking at the 

chromatograms from incubations with HLM, APAP, and midazolam, the resultant 

peaks are indistinct and do not yield definite production of the NAPQI metabolite. 

Acetaminophen is widely used for its analgesic properties, so eliminating 

any risks associated with its use would be highly beneficial.  Quercetin and green 
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tea extract have antioxidant properties and serve to protect the body from stress 

and organ damage. 

Due to time constraints, analysis of the effect of DDC and green tea extract 

on the metabolic activity of CYP2E1 enzymes using HPLC was not established.  

These experiments, however, lay the foundation for further investigation into the 

quantification of the NAPQI metabolite. Given how commonly acetaminophen is 

used, new information in regards to what can prevent hepatic toxicity upon 

repeated acetaminophen doses is important and can have a significant health 

impact. 
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