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Abstract: A new nongenetic mechanism of cancer initiation that induces single preneoplastic 

hepatocytes positive for the glutathione S-transferase P-form (GST-P), precursors of foci and nodules, 

was identified in rat livers on the basis of the rapid excretion of GST-P into bile. Presently, the key 

process was examined quantitatively through application of the first-order consecutive reaction, A 

→ B → C, where A and B represent the concentrations of the GST-P protein synthesized and 

accumulated in hepatocytes, respectively, and C represents the amount of the GST-P protein excreted 

into bile; additionally, k1 and k2 are kinetic constants for the first and second steps, respectively. In 

response to strong carcinogenic stress, GST-P was suggested to be excreted 10 to 20 times more 

rapidly than it accumulated in hepatocytes. The GST-P+ cells were suggested to have formed from 

severe injury because more than 90 % of the damage to the excretory system was caused by the 

carcinogens, the initial process of which is considered irreversible in practice. Preneoplastic cell 

induction, i.e., phenotypic conversion, was thus indicated kinetically to be nongenetic as well. 

Although tentative, the present data may help in gaining further insights into cancer initiation at the 

molecular and cellular levels. 

Keywords: cancer initiation; lipid peroxidation; preneoplastic marker enzyme; chemical 

hepatocarcinogenesis; kinetic simulation 

 

1. Introduction 

Thus far, researchers have been unable to gain insight into the mechanism of cancer initiation 

on the basis of the somatic mutation theory (SMT) of Boveri [1–3]. Since they are latent and slight, 

mutations are undetectable and unexaminable in vivo in practice [4]. Considering the intrinsic 

difficulties of genetic analysis, biomarker analysis has emerged as a promising alternative. In 

chemical hepatocarcinogenesis in rats, glutathione S-transferase P-form-positive (GST-P+) single 

hepatocytes and minifoci, precursors of foci and nodules, are detected as early as 2 to 3 days after the 

administration of diethyl-N-nitrosamine (DEN), as shown in Figure 1 [5,6]. 

The specific induction mechanism of GST-P+ single hepatocytes in rat livers, i.e., the phenotypic 

conversion of GST-P- hepatocytes into GST-P+ hepatocytes, has attracted increasing attention from 

many researchers [7–9] but remained unclear for more than 35 years. Unexpectedly, however, GST-

P was found to be rapidly excreted into bile in response to the strong carcinogenic stress upon 2-

acetylaminofluorene (AAF) administration followed by immunocytochemical staining using 

vibratome-prepared liver samples instead of microtome-prepared samples [10]. Although GST-P is a 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 May 2025 doi:10.20944/preprints202505.1161.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.1161.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 8 

 

cytosolic enzyme, its expression was negative in hepatocytes but heavily positive in canaliculi, 

canalicular networks, bile ducts and ductules; i.e., in bile juice. 

 

Figure 1. A single GST-P+ hepatocyte 48 hours after DEN induction in the liver of a male Sprague–Dawley rat. A 

microtome-prepared liver sample was immunostained for GST-P [6]. Magnification: 40×. Reprinted with 

permission from Wiley. 

A new mechanism of cancer initiation was then identified unambiguously on the basis of the 

dynamic action of the marker enzyme unspecified thus far [10,11]. Notably, the induction of GST-P+ 

single hepatocytes was determinable to be nongenetic in nature since numerous positive cells are 

detectable in rat livers under appropriate conditions, whereas mutation is a rare event that is 

undetectable in vivo in practice. 

This new nongenetic mechanism of cancer initiation via the induction of GST-P+ single 

hepatocytes is illustrated in Supplementary Figure S1. In this mechanism, carcinogens act to stimulate 

the lipid peroxidation (LPO) of microsomal components to generate various endogenous 

carcinogens, such as acrolein, 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA), in 

hepatocytes [12–14]. GST-P and many other phase 2 detoxifying/antioxidant enzymes are induced to 

detoxify these compounds. Carcinogens also injure canaliculi to decrease the excretion of GST-P into 

bile, resulting in the accumulation of the marker enzyme in hepatocytes and giving rise to GST-P+ 

single hepatocytes. Promoter agents also act similarly but do not injure the excretory system of GST-

P. To delineate the process by which hepatocytes transform into preneoplastic cells, in the present 

study the functional characteristics of the excretory system of GST-P were examined through kinetic 

simulations, albeit tentatively. 

2. Materials and Methods 

2.1. Kinetic Formulation for the Specific Induction of GST-P+ Single Hepatocytes in Rat Livers by 

Carcinogens 

As described above, GST-P was found to be rapidly excreted into bile in response to strong 

carcinogenic stress. Upon feeding a basal diet containing 0.04 % AAF, numerous GST-P+ single 

hepatocytes, along with minifoci, foci and nodules, are inducible over 6 to 7 weeks. Therefore, 

assuming that the amount of the GST-P protein synthesized in hepatocytes per unit time, i.e., the time 

differential, is constant (A0), at certain time, the induction of GST-P+ single hepatocytes can be 

approximated by the following first-order consecutive/sequential reaction: 

k1       k2 

A  ⎯⎯→  B ⎯⎯→ C 

where A and B represent the concentrations of GST-P protein synthesized and accumulated in 

hepatocytes, respectively, C represents the protein concentration excreted into bile, and k1 and k2 

represent the rate constants for the first and second steps, respectively. 

According to the formulation by Laidler and others [15,16], the kinetic equations are expressed 

as follows: 

[A] = [A0]e-k1t                                                     (1) 
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[B] = [A0]{k1/(k2-k1)}(e-k1t-e-k2t)                 (2) 

[C] = [A0][1- e-k1t - {k1/(k2-k1)}(e-k1t-e-k2t)]         (3) 

where [A0] = [A] + [B] + [C]. 

In Equation (2), 

[B max] = [A0](k2/k1)k2/(k1-k2)                     (4) 

where [Bmax] is the maximum value of [B] at tmax= {1/(k1-k2)}ln(k1/k2)} in Equation (2). For ease of 

simulation, the equation [Bmax] = xx/(1-x) was used, with k2/k1=x and [A0] = 1. 

2.2. Softwares Used for the Simulations 

The simulations were performed using GeoGebra (https://www.geogebra.org) and Excel 

(version 2108) softwares. 

3. Results 

Figure 2 shows six typical patterns, a)-f), which were simulated as a function of time considering 

[A0] = 1 and k1=1, for simplicity. The [Bmax] values obtained were a) 0.657, b) 0.5, c) 0.368, d) 0.25, e) 

0.078 and f) 0.042. Since k1 and k2 are rate constants for the accumulation and excretion of GST-P, 

respectively, k2/k1 represents the efficiency of excretion vs. accumulation. Specifically, the smaller 

the k2/k1 value is, the greater the accumulation of GST-P in hepatocytes is, and vice versa. Under 

strong carcinogenic stress, hepatocytes are negative for GST-P, but biliary tracts are heavily 

immunocytochemically positive for GST-P, which corresponds to pattern e) or f), i.e., the amount of 

GST-P accumulated in hepatocytes is 7.8 % or 4.2 % of the total (100 %). However, when the excretory 

system is injured to different degrees by carcinogens, the GST-P protein accumulates in hepatocytes. 

Accordingly, the intensities of GST-P+ single hepatocyte immunostaining are a), strong; b) 

intermediate; c) and d) weak; and e) and f) negative. 

To clarify the process of GST-P protein accumulation in hepatocytes, i.e., the transformation 

process quantitatively, simulations were performed to generate plots of [Bmax] vs. t at k2/k1 values of 

0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0 and 50.0, as shown in Figure 3a. As described above, the k2/k1(=x) 

value is a measure of the efficiency of GST-P excretion vs. accumulation. As shown in the figure, the 

smaller the k2/k1 value is, the greater the accumulation of GST-P in hepatocytes is, giving rise to GST-

P+ single hepatocytes, and vice versa. 

Figure 3b shows the plots of [Bmax] vs. k2/k1. [Bmax] is inversely correlated with k2/k1, by which 

the smaller the k2/k1 value is, the larger the [Bmax] value is. For simplicity, the [Bmax] value was 

assumed to be 1.0 when excretion is completely damaged, i.e., k2 = 0. The functional damage to the 

excretory system caused by the carcinogens and GST-P accumulation can be estimated as follows: 

damage (%) = {(xi – x)/xi}×100, where x = k2/k1; xi = 5, 10, 20 or 50; and xi > x in the ordinate (Figure 

3b). Figure 4 shows the simulated patterns of the plots of [Bmax] vs. damage (%) to the excretory system 

at k2/k1=5, 10, 20 and 50. 

In Figure 4, 100 % damage corresponds to [Bmax] = 1.0, and 0 % indicates no damage caused by 

carcinogens. The increment of [Bmax] is fairly small in the range of 0 to 90 % damage, but it increases 

sharply from 90 to 100 % damage. This tendency became more marked as the k2/k1 value increased. 

For example, even when the excretory system suffered 50 % damage, the increases in [Bmax] were 

relatively small, at 8.3 %, 5.5 %, 3.4 % and 1.7 % at k2/k1 = 5, 10, 20, and 50, respectively. However, 

the increases reached 85.4 %, 91.6 %, 95.3 %, and 98.0 % when 90 % damage occurred at k2/k1=5, 10, 

20, and 50, respectively. Accordingly, severe injury to the excretory system is needed for more than 

90 % functional damage to occur and give rise to GST-P+ single hepatocytes in the rat liver. 
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Figure 2. Typical patterns of GST-P+ single hepatocyte induction in rat livers as a function of time. The k2/k1 

values used were a) 0.25, b) 0.5, c) 0.99, d) 2, e) 10 and f) 20. The lines, ( ), (---) and ( ) represent the 

concentrations of the GST-P protein synthesized (A) and accumulated (B) in hepatocytes and the concentration 

excreted into the bile (C), respectively, according to equations (1-3) shown in the Materials and Methods. 

  

Figure 3. Simulated patterns of the plots of [B] vs. t only at k2/k1 values of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0. 

b) Plot of [Bmax] vs. k2/k1. 
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Figure 4. Simulation of the plot of [Bmax] vs. Damage (%). The simulations were performed at k2/k1= 5 ( ), 10 

( ), 20 ( ) and 50 ( ). 

4. Discussion 

The specific mechanism of GST-P+ single hepatocyte induction in the rat liver is highly important 

for elucidating the mechanism of cancer initiation, i.e., the cause or origin of cancer, at the molecular 

and cellular levels. The rapid excretion of GST-P from hepatocytes into bile is thus a key process 

during cancer initiation in a rat model of hepatocarcinogenesis. Considering immunocytochemical 

staining for GST-P, as the cytosol of hepatocytes is negative but bile juice is heavily positive, although 

GST-P is a cytosolic enzyme [17,18], the functional characteristics of the excretory system of GST-P 

were examined through application of the first-order consecutive/sequential reaction to the 

phenotypic conversion of GST-P- hepatocytes into positive ones. 

The kinetic simulations revealed that a relative rate (k2/k1 value) of 10 to 20 agrees well for the 

immunocytochemical staining patterns. Namely, the excretion rate, k2, was 10 to 20 times faster than 

the accumulation rate, k1, in hepatocytes. In addition, induction was caused specifically by severe 

injury to the excretory system that resulted in more than 90 % functional damage. In other words, the 

excretory system is fairly resistant to carcinogenic injury, and specific induction has been suggested 

to be irreversible in the rat liver. 

At present, the details of the GST-P excretory system are unclear. However, GST-P is expressed 

in all hepatocytes and excreted rapidly into bile in response to strong carcinogenic stress induced by 

either initiators or promoters [10,11]. Accordingly, GST-P is thought to be excreted through some 

transporter of phase 3 detoxifying enzymes that are not yet known. Thus, elucidation of the GST-P 

transporter, if it exists, is needed. 

The biochemical function of GST-P is also of interest. GST-P expression is suppressed under 

normal conditions, but it is strongly induced in preneoplastic livers to levels as high as approximately 

30-fold greater than those in normal livers [19,20]. Unlike Alpha and Mu class GSTs, Pi class GSTs 

have been shown to be selective for water-soluble compounds [21]. In addition, the sequences of both 

rat and human Pi class GSTs contain the highly reactive residue 47-Cys [22–24]. The specific function 

of GST-P was therefore speculated as follows. GST-P is inducible in response to the strong 

carcinogenic stress applied to the animals. Upon glutathione (GSH) depletion, GST-P binds to 4-HNE 

or acrolein selectively through its reactive 47-Cys residue and is instantaneously excreted into bile. 

Interestingly, GST-P is still enzymatically active in bile juice and resistant to bile acids. Additionally, 

soluble GST-P from bile bound almost quantitatively to an S-hexyl-GSH-Sepharose 4B affinity 

column [19,25]. 
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5. Conclusions 

The key process of cancer initiation that induces preneoplastic GST-P+ single hepatocytes in rat 

livers, i.e., the phenotypic conversion of GST-P- hepatocytes into GST-P+ hepatocytes, was examined 

quantitatively through application of the first-order constitutive reaction. The excretion rate of GST-

P into bile, k2, was suggested to be 10 to 20 times faster than the accumulation rate, k1, in hepatocytes 

in response to strong carcinogenic stress. The GST-P+ cells were suggested to have formed after severe 

injury that damaged more than 90 % of the excretory system upon the administration of initiator 

carcinogens, and the initial carcinogenic process by which GST-P+ single hepatocytes are induced was 

suggested to be irreversible in practice. Preneoplastic cell induction, i.e., phenotypic conversion, was 

thus indicated kinetically to be nongenetic as well. The new nongenetic mechanism accounts for 

various problems with and aspects of preneoplastic cell induction in rat livers and is also applicable 

to many other carcinogenic processes, as previously noted [11]. The present data may be helpful in 

gaining further insight into the mechanism of cancer initiation at the molecular and cellular levels. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. The Supplementary Figure is shown on a separate sheet. 
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AAF 2-Acetylaminofluorene 

DEN Diethyl-N-nitrosamine 

GST-P Glutathione S-transferase P-form [EC. 2.5.1.18] 

HNE 4-Hydrxy-2-nonenal 
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