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Abstract
Aims: Clinical and experimental evidence has shown that females in humans and other mammals have higher 
glutathione (GSH) levels than males, which are caused by higher levels of estradiol. Understanding how hepatic 
GSH level and synthesis velocity depend on the sex hormones is an extremely important question since oxidative 
stress contributes to the risk for heart disease and cancer, and oxidative stress is reduced by GSH. Our aim is to 
develop a systems approach to understanding GSH metabolism and use this to explain the causes of GSH 
differences in males and females, how GSH changes during the menstrual cycle, and why women may be less 
susceptible to acetaminophen toxicity.

Methods: We use mathematical models for hepatic glutathione metabolism, including one-carbon metabolism and 
acetaminophen detoxification, to investigate how the activation of certain enzymes by estradiol leads to dramatic 
changes in reaction velocities and metabolite concentrations.

Results: The models explain why women of childbearing age have higher glutathione than men, and that this is 
caused by the balance of activation of glutamyl cysteine synthetase (GCL) and glutathione peroxidase (GPX) by 
estradiol. The steady-state concentration of glutathione in women depends on the strength of the activation of GCL 
and GPX and is quite homeostatic over a wide range of activations.

Conclusions: During the menstrual cycle, the GSH concentration changes daily but over a relatively narrow range. 
We explain how this dynamic homeostasis depends on the biochemical network that produces GSH. The model is 
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also consistent with published results that show that female mice are less susceptible than males to hepatotoxicity 
due to acetaminophen overdose and suggests that this might also be true for humans, though the human 
epidemiological data are contradictory.

Keywords: Sex differences, glutathione, metabolism, liver, acetaminophen toxicity

INTRODUCTION
The tripeptide glutathione (GSH) is produced in prodigious quantities by the liver. It is the main 
antioxidant in the body and conjugates and eliminates a variety of toxicants, reactive oxygen species, and 
heavy metals. Glutathione is synthesized by a pathway that starts with homocysteine in the methionine cycle 
[Figure 1]. In the redox reaction catalyzed by glutathione peroxidase (GPX), GSH is converted to 
glutathione disulfide (GSSG), which can be reconverted to GSH by the enzyme glutathione reductase (GR).

Clinical and experimental evidence has accumulated that females in humans and other mammals have 
higher GSH levels than males, caused by higher levels of estradiol. In human females, blood GSH drops 
after ovariectomy from 54.69 to 39.29 nmol/L, but is restored by estrogen replacement therapy[1]. Similar 
results have been obtained in rats[2,3]. Adolescent girls have a higher GSH/GSSG ratio than males[4]. 
Antioxidant gene expression is higher in females than in males and is accompanied by lower oxidative 
damage[3]. In addition, there is considerable evidence that estrogen increases substantially the activities of 
GPX and Glutamate Cysteine Ligase (GCL), an enzyme in the GSH pathway[5-7].

Understanding how GSH level and synthesis velocity depend on the sex hormones is an extremely 
important question since oxidative stress contributes to the risk for heart disease[8] and cancer[9], and 
oxidative stress is reduced by GSH via the enzyme GPX [Figure 1]. The pathways that regulate GSH 
production and recycling are extremely complex [Figure 1], and most research on this system has been 
conducted through association studies which can suggest local mechanisms but cannot fully capture the 
interactions in the system as a whole. In order to capture this complexity, we have, in collaboration with 
clinicians and experimentalists, developed mathematical models based on the real underlying 
physiology[10-16]. These models are validated by their ability to reproduce a diversity of new experimental 
results, and can be used as platforms for in-silico experimentation to determine the underlying mechanisms 
that give rise to the behavior seen in the clinic and experiments. In this paper, we present a new integrated 
model for hepatic glutathione metabolism including one-carbon metabolism and use it to investigate how 
the activation of certain enzymes by estradiol in one-carbon metabolism and glutathione metabolism leads 
to dramatic changes in reaction velocities and metabolite concentrations, including GSH and the GSH 
synthesis rate. Since estradiol varies over a very wide range during the menstrual cycle, one might expect 
that GSH would show similar variability. In fact, we show that GSH shows homeostasis during the 
menstrual cycle and we explain the reason for this result.

GSH is connected to the hepatotoxicity of acetaminophen because it is used by the liver to bind a toxic 
byproduct (NAPQI) of acetaminophen metabolism. We study the effect of GSH and sexual dimorphism on 
acetaminophen toxicity by using a previously constructed model of acetaminophen metabolism[10]. We show 
how the time curve of hepatic cell death depends on the dose of acetaminophen, and how it is affected by 
the timing of rescue by N-acetylcysteine. Experiments in mice show that female mice are much less sensitive 
to acetaminophen overdose[17,18]. However, this question is controversial in humans[19-21].
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Figure 1. The male and female steady states. The rectangular boxes and ovals contain the acronyms of the substrates and enzymes, 
respectively. The yellow ovals in Panel B indicate enzymes whose activities differ between males and menstruating females. The white 
boxes indicate substrate values (μM) and the blue boxes indicate velocities (μM/hr). Panels A and B are the steady states for males 
and females, respectively. Full names of enzymes and substrates can be found in the supplementary material. As can be seen, the 
females have a much higher level of glutathione than males. The flux into the glutathione pathway (CBS) does not vary very much 
between males and females. So, the large difference in glutathione concentration must be because GCL and GPX are activated by 
estradiol.

METHODS
The mathematical models used in this paper were created by combining previous mathematical models and 
making a few adjustments. We have previously developed a mathematical model of sex differences and the 
effects of estradiol in one-carbon metabolism[11,22]. To create the glutathione model used in this paper, we 
took the model from[11] and added the glutathione pathway, homocysteine, cystathionine, cysteine, 
glutamylcysteine, GSH, and GSSG [Figure 1] from a previous model of glutathione metabolism[14]. All of the 
velocities are given by Michaelis-Menten kinetics, with the Km values taken from the literature, and where 
available, from human data. The adjustments are as follows: (1) For simplicity, we treat cytosolic serine and 
glycine as constant; (2) The male steady state is slightly different than in[11], so we adjust the steady states of 
S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), and Bet, which occur in the velocity 
equation for CBS and the velocity equation for betaine-homocysteine methyltransferase (BHMT); (3) We 
increased the Vmax  in the velocity equation for the transport of cysteine from the blood to the cytosol by a 
factor of 9; (4) We decreased the leakage rate of cytosolic cysteine from the cytosol to the blood from 1 to 
0.25 h; (5) We multiplied the Vmax of g-cystathionase (CTGL) by 1/3.5; (6) We decreased the velocity for the 
transport of glutamate from other systems to the blood from 273 to 200 μM/hr. All of these velocities can be 
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seen in Figure 1 and all of the abbreviations in the Table of Acronyms in the Supplementary materials.

Now, we discuss the activation of GCL and GPX by estradiol. There is a consensus that GPX and GCL are 
the two enzymes in the glutathione pathway that are upregulated by estradiol. Pinto and Bartley found 80% 
higher activity of GPX in female rats compared to males[23]. Bellanti et al. studied human females and found 
that GPX mRNA was 134% higher in menstruating females than after ovariectomy[1]. Wang et al. found that 
female rats had 80% higher GPX activity than females after maturity[7]. For GCL, McConnachie et al. found 
somewhat less than a 100% increase in female mice[17], and Dabrosin et al. found that estrogen causes an 
increase in GCL activity in human breast cells in vitro[5]. Given these results, we decided to choose 80% as 
the “normal” or average increase in activity of GCL and GPX for females in our model for both of the 
enzymes GPX and GCL. Thus, we multiply the Vmax values of GCL and GPX by a number, S, where S = 1 for 
males and S = 1.8 for females. In Section 3.2, we show that the steady-state concentration of GSH varies as S 
varies over a wide range, 1-3.5, but is fairly homeostatic near 1.8.

None of the studies cited above controlled for where the women or animals were during the menstrual (or 
estrus) cycle when the measurements were made. Nevertheless, by using our model, we can compute GSH 
during the entire human period of 28 days. We have good information on estradiol, E2(t), during the cycle; 
see Panel A of Figure 2. For women, E2(t), varies from 0.135 to 1.156 nM over the course of the cycle[24,25], 
and for men, E2 is a constant 0.09 nM[26]. We assume that the function, S(t), which multiplies the Vmax values 
of GCL and GPX, is a linear function of E2(t) as follows:

(1) $$ S(t)=1+\frac{(0.8)}{0.4368-0.09}(E 2(t)-0.09) $$ 

where 0.4368 is the average value of E2(t) during the cycle (calculated from Panel A of Figure 2). Thus, S = 1 
for males, and for females, S = 1.8 for the average female E2, consistent with the 80% choice above. When we 
discuss the menstrual cycle in Section 3.3, S(t) is given in terms of E2(t) by the formula (1). E2(t) itself is a 
piecewise linear function found by applying the spline function in Matlab to the data in Panel A of Figure 2 
for estradiol as a function of day of the cycle for the average woman. For the enzymes affected by estradiol 
in one-carbon metabolism (yellow enzymes), as estradiol varies during the menstrual cycle, the multiplier of 
the Vmax of the enzyme is scaled between the male value and the female value in table 3 in[22].

In Section 3.4, we study the difference in response to acetaminophen (APAP) overdose in males and females 
after an overdose. To do this, we used a previous program to study whole-body acetaminophen 
metabolism[10]. We run the GSH program and the APAP program together - they share the substrate GSH, 
which is drawn down by the overdose and replenished by the GSH synthesis pathway. The integrated code 
consists of 61 differential equations that are solved in Matlab. The GSH system has 31 differential equations 
for the substrate concentrations in the rectangular boxes in Figure 1. The schematic diagram for the 
acetaminophen part of the program can be seen in[10], Figure 1. Full names of the substrates and enzymes are 
given in the Supplementary materials table of acronyms. Concentrations are in μM and velocities in μM/hr.

RESULTS
Sex differences in glutathione metabolism at steady state
We begin by comparing male and female differences in the model at steady state. Figure 1, Panel A and 
Figure 1, Panel B show the steady state for a male and a female, respectively. The rectangular boxes indicate 
substrates, and the blue or yellow ovals give the names of the enzymes catalyzing the reactions. A yellow 
oval in Panel B indicates that the enzyme is affected by estradiol and/or testosterone, and therefore, its 
activity is different in females than males. In folate and methionine metabolism, the increases or decreases 
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Figure 2. Consequences of the GSH regulatory motif. Panel B shows the GSH regulatory motif (taken from Figure 1), including the 
effects of estradiol and the inhibition of GCL and glutathione synthetase (GS) by GSH. Panel A shows the steady state value of GSH as a 
function of the parameter S, which increases with estradiol concentration and is defined in formula (2). The GSH curve goes up for low 
estradiol values, reaches a peak and descends for high estradiol values. The reasons for this behavior are discussed in the text.

of the enzymes in the yellow ovals are given in[11]. In the Methods, we discussed why, based on experimental 
and clinical studies, we chose 80% as the increase in average activation of GCL and GPX by estradiol. Thus, 
the factor, S, multiplying the Vmax values of GCL and GPX, will be S = 1 for males and S = 1.8 for females. 
The red arrows in Figure 1 show what we call “long-range interactions”, in which substrates allosterically 
affect distant enzymes in the network. There are even more allosteric interactions in the folate and the 
methionine cycles, but, for simplicity, we are not showing all of them. Note also that GSH inhibits both 
GCL and GS, so it is not clear by inspection of the diagram what the effect of raising the activities of GCL 
and GPX will be.

Panels A and B of Figure 1 show the steady state values for the male and female substrates, respectively, and 
the velocities for CBS, GS, and GPX. We will discuss several interesting aspects of the two figures. First, 
homocysteine (Hcy) is quite a bit lower in females than in males. The two reasons are that CBS is activated 
by estradiol and betaine (Bet), which is twice as high in females compared to males because the enzyme 
PEMT [Figure 1] is activated by a factor of 2.3 in menstruating females. This is not quite the whole story. 
The methionine input (in our model) is 40 μM/hr, and if the mass leaving via the polyamine pathway 
(AMD1) is subtracted, the CBS flux is obtained because at steady state, the mass has nowhere else to go. 
Therefore, when CBS is activated by estradiol and betaine, the Hcy concentration must decrease to maintain 
the CBS flux at the correct level. Notice that CBS fluxes do not differ much between males and females, so 
this is not the reason that GSH differs so dramatically in males and females.

So, why is GSH so much higher in females than in males? The velocity of GS, the synthesizing enzyme, is 
not affected by estradiol. However, GCL is upregulated by estradiol, leading to a higher concentration of 
glutamyl-cysteine (Glut-Cys) in females, thereby driving increased GS flux. However, this is not the entire 
explanation, as estradiol also stimulates GPX, resulting in higher GPX flux that removes more mass from 
GSH. It is the balance between these two changes that determines the concentration of GSH [Table 1]. In 
this “average” female computation, GPX and GCL are upregulated by 80%. In the next section, we discuss 
the implications of stronger or weaker effects of estradiol.
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Table 1. Steady state cellular concentrations (μM) and reaction velocities (μM/hr) as S varies. Notice that GSH goes up for low 
estradiol values, reaches a peak and descends for high estradiol values

S (relative estradiol) 1(male) 1.104 1.4 1.6 1.8 2 2.5 3.31

GSH 4,971 5,624 7,403 8,220 8,516 8,303 6,547 4,151

GSSG 38.91 47.5 76.9 100.4 125.5 150.6 203 248

bGSH 11.6 12.1 13.0 13.2 13.3 13.2 12.7 10.4

Velocity of GS 1,111 1,178 1,300 1,351 1,391 1,420 1,439 1,286

Velocity of GPX 448 520 724 853 970 1,070 1,244 1,367

Velocity of CBS 30.9 33.0 33.0 33.0 33.0 33.0 33.0 33.0

GSH: glutathione; GSSG: glutathione disulfide; bGSH: Plasma GSH; GPX: glutathione peroxidase; CBS: glutathione pathway.

Variation of GSH steady state depending on S
In our model, we take the activation of GCL and GPX by estradiol to be 80%, which is a reasonable choice 
supported by the experimental and clinical data discussed above. However, it is worth considering what 
would happen if we had chosen a different value, such as 60% or 100%. In the Methods, we explain why we 
take the multiplier, S, of the Vmax values of GCL and GPX to have the following dependence on estradiol, E2:

(2) $$ S=1+\frac{(0.8)}{0.4368-0.09}(E 2-0.09) $$ 

Thus, since male E2 is 0.09 nM[26], S = 1 for the male. For the average female, E2 varies from 0.135 to 
1.156 nM during the menstrual cycle[24,25]. Thus, for a female, the multiplier S will vary between 1.104 to 3.31 
and S = 1.8 if E2 = 0.4368 nM. This number, 0.4368 nM, is the average E2 over the menstrual cycle 
computed from the data in Panel A of Figure 2. The steady state values of GSH and other variables for 
different values of S are shown in Table 1.

The concentrations of GSH in animal cells are in the range of 500-10,000 μM[27,28]. The ratio GSH/GSSG is 
thought to be around 100 for cells that are not under oxidative stress[29], which aligns closely with the values 
presented in Table 1. Plasma GSH (bGSH) concentrations are typically measured in the range of 
2-20 μM[28,30,31], consistent with the values in Table 1. Finally, as discussed in the previous section, we have 
elucidated why the velocity of CBS does not vary much between males and females.

The most interesting aspect of the data in Table 1 is the non-monotone behavior of GSH as S increases from 
1 to 3.31 [Figure 2A]. S is calculated from estradiol by formula (2). In the lower range of values of S, GSH 
increases rapidly as S increases. GSH reaches a maximum at S = 1.8 (8,516 μM) and then descends to 
4,151 μM for S = 3.31. This effect arises because of the nonlinear inhibition of GCL and GS by GSH 
[Figure 2B]. This is a kind of end-product inhibition that prevents the GSH concentration from rising too 
high. To understand the non-monotone behavior of GSH, it is crucial to consider that there are two 
incoming fluxes to GSH, GS and GR, and two outgoing fluxes, GPX and a large flux out into the blood 
[Figure 2B]. At a steady state, the incoming fluxes must balance the outgoing fluxes. When S is low, 1-1.4, 
the GS flux rises more rapidly than the GPX flux, pushing GSH up. Around S = 1.4, the GS flux starts to 
increase more slowly while the GPX flux still increases at roughly the same rate as S increases, so the GSH 
curve starts to level off and reaches a maximum at S = 1.8. After that, the increase in the GPX flux 
dominates as the GS flux increases more and more slowly and eventually declines. This behavior of the GS 
flux is caused by the competition between the higher inhibition of GS and GCL by GSH and the higher 
stimulation of GCL by estradiol [Figure 2].
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The steady-state concentration of GSH remains relatively stable between S = 1.4 and S = 2, corresponding to 
increases in stimulation ranging from 40% to 100% compared to males. Therefore, we could have chosen 
any percentage within the 40% to 100% range to represent the average estradiol in females. We opted for an 
80% increase in stimulation based on the consensus reached in several experimental studies conducted on 
rats and mice[7,17,23]. It is natural to speculate whether the inhibition of GS and GCL is an important 
evolutionary mechanism to keep GSH high, but not too high, in females during the childbearing years.

The stability of GSH during the menstrual cycle
Since we know how estradiol varies during the menstrual cycle (Figure 3, Panel A), formula (1) provides 
insights into the value of the multiplier, S, for every day. It might seem intuitive, albeit incorrect, to calculate 
GSH levels over the cycle by calculating the steady-state GSH for each day of the cycle. This calculation 
would suggest that GSH levels vary between all the steady state values ranging from 4,151 to 8,516 μM 
[Table 1 and Figure 2A]. However, this prediction is inaccurate; actual GSH values fluctuate within a much 
narrower range, as illustrated in Panel B of Figure 3.

We compute GSH during the cycle as follows. Starting at any initial values, we use our GSH program to 
compute GSH(t) for 20 × 28 days, i.e., for twenty 28-day months. For the first few months (approximately 
6), the solution is not periodic but gets closer and closer to a periodic function. During the 19th month, the 
solution is the same as that of the 20th month, indicating that the solution during the 20th month represents 
GSH(t) during the menstrual cycle. The periodic solution in Panel B of Figure 3, GSH(t), is quite stable, 
fluctuating only between 5,500 and 8,000 μM (even though the steady state values vary between 4,151 and 
8,516 μM). We verified this calculation in two ways. Firstly, we confirmed that the solution during the 19th 
month (and indeed for many earlier months) matches that of the 20th month. Secondly, by initiating the 
program with many different initial conditions, we consistently arrived at the same periodic solution after a 
few months.

The intuitive reason that GSH(t) is fairly stable is that GSH changes quite slowly when estradiol and S(t) 
vary. Table 2 shows an example. We began with the steady state for S = 1.8, but changed the value of S to 1.3 
at t = 0, where the steady state of GSH is 6,842 μM. Table 2 shows the h and days as GSH slowly descends to 
6,842 μM. The transition takes about 28 days.

Because GSH changes very slowly when estradiol and S change, the GSH concentration at each time is a 
weighted average of both low and high GSH concentrations corresponding to many different S values; this 
is the reason why GSH is so homeostatic. Note that the only significant deviation of GSH in Panel B of 
Figure 2 occurs during days 10-14 when estradiol and S become very high, thus depressing the GSH 
concentration [Table 1].

Sex differences in the toxicity of acetaminophen
Acetaminophen (APAP) is the most widely used over-the-counter and prescription painkiller in the 
world[32]. While safe at therapeutic doses of up to 4 g per day for adults, APAP overdoses, either accidental 
or intentional, are one of the leading causes of acute liver failure in the United States[33]. APAP is 
metabolized by conjugation with sulfate and glucoronidate; these conjugates are inert and are excreted in 
the urine. Depending on the dose, a fraction of APAP is converted into a highly reactive toxic intermediate, 
N-acetyl-p-benzoquinone imine (NAPQI), by several P450 cytochromes[34]. Substantial amounts of NAPQI 
are effectively eliminated by conjugation with glutathione (GSH). However, after a large dose of APAP, the 
sulfonation reaction becomes saturated and the build-up of NAPQI depletes GSH in the liver, causing 
further accumulation of NAPQI. Unconjugated NAPQI binds to proteins and subcellular structures and 
induces rapid cell death and necrosis that can lead to liver failure.
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Table 2. GSH (μM) changes slowly after S switches from 1.8 to S = 1.3. This is the reason that GSH varies less in the menstrual cycle 
than the steady states of GSH would suggest

Time 0 h 10 h 1 day 2 days 5 days 14 days 28 days

GSH 8,516 8,162 7,945 7,691 7,230 6,877 6,843

Figure 3. The stability of GSH. Panel A shows the 95th percentile (blue), the mean (green), and the 5th percentile (red) of estradiol 
during the menstrual cycle. The curves are drawn by interpolation of data from[24,25]. Panel B shows the relative stability of GSH during 
the cycle (varying from 5,500 to 7,900 μM). This is true despite the wide range of steady state values [Table 1 and Figure 2A]. See the 
text for an explanation.

Many experimental studies have shown that female mice are less susceptible to APAP hepatotoxicity than 
males and that the sex differences are substantial[17,18,35]. Many of the mechanisms have been elucidated by 
the Jaeschke group in Kansas[18,36,37]. Here, we combine our APAP model[10] with the one-carbon and 
glutathione model described in Methods. We show that, indeed, the sex differences are substantial, and we 
give an explanation. Our APAP model is a whole-body model of APAP that includes transport from the gut 
to the liver, the liver metabolism described in the previous paragraph, transport out of the liver to the blood, 
and excretion in the urine.  The physiological basis of our model is the reaction diagram [Figure 1] and the 
Km values for the enzymes; we choose human values when they are available. We choose compartment sizes 
and doses corresponding to humans. It should be noted that we do not include mitochondrial glutathione, 
which the Jaeschke group has found to be fundamental in APAP pathophysiology[36]. To replicate specific 
mitochondrial GSH mechanisms and data from in vivo mice models, a mitochondrial compartment needs 
to be added. Nonetheless, our modeling study[10] showed that the model results compare well to several 
experimental and clinical studies (figure 2, figure 6, figure 13 in[10]). In particular, we showed that our 
predictions of life and death after overdose correspond well to a clinical study in the University of Utah 
Hospital; see figure 13 in[10]. Our APAP model, combined with our GSH model, gives predictions about 
humans.

The epidemiological data on sex differences in acetaminophen-induced liver injury in humans is 
inconsistent, which can be attributed to confounding factors such as variations in age, dosage, time elapsed 
from ingestion to hospitalization, and time from ingestion to N-acetylcysteine administration. For example, 
in a United States retrospective study[20], it was found that women have a higher risk of adverse outcomes 
than men in cases of acetaminophen-induced acute liver injury. However, a prospective study in Iceland[19] 
reported that the prevalence of hepatoxicity was higher in men than in women. In this same study, older 
age, not sex, was associated with the risk of acute liver failure. Another population-based study done in 
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Asia[21] found a significant association of hepatoxicity with ethnicity, while it found no such association with 
sex or age.

The maximal therapeutic dose recommended by the FDA is 4 g/day. With this therapeutic dose, there is 
little cell death and little change in GSH for both males and females. A 20 g dose without treatment is 
considered possibly lethal[38]. It is important to note that there is variability among human clinical data and 
our model only makes predictions for the “average” human. We have found that the greatest differences 
between the male and female responses are in the moderate to high range, which is why we show responses 
to 15 and 18 g in Figure 4. A very high dose of 30 g shows little difference between males and females.

In Figure 4, we show the percentage of healthy liver cells still alive and the GSH concentration in the liver 
for the male and for the female for the first 80 h after ingestion of an overdose. Panels A, B, and C show the 
percentage of surviving hepatocytes for a 15 g dose, for an 18 g dose, and for a 30 g dose for males and 
females, respectively. The grey bar represents the 30% level of functional hepatocytes below which liver 
failure is thought to occur[38]. In Panel A, one can see that the 15 g dose has a relatively small effect on the 
percentage of surviving hepatocytes in females, descending only from 1 to 0.9. In males, by contrast, the 
percentage declines below 0.4, dangerously close to the 0.3 survival line. Panels D, E, and F show that GSH 
levels plunge to near zero in all cases, but that GSH recovers more rapidly in females. Panel B shows the 
time course of functional hepatocytes after an 18 g dose of APAP. In this case, the female curve descends 
below 0.6 and the male curve descends well below 0.3. Therefore, without treatment, the female is predicted 
to live, and the male is predicted to die. Again, we see in Panel E that female GSH recovers more quickly 
than male GSH. This reproduces a result found by Du et al.[18]. With the 30 g dose, both males and females 
die and there is not much difference between the curves[37]. These are the results of APAP overdose without 
treatment; we consider intervention in the next section.

Our computations show that the sexual dimorphism in one-carbon metabolism plays only a small role in 
the glutathione pathway (the velocity of CBS is not much different in the two cases, Table 1). So, it is the 
estradiol and the regulatory motif (Figure 2, Panel B) that increases the synthesis velocity and the 
concentration of GSH in the female liver.

GSH is a tripeptide consisting of glutamate, glycine, and cysteine. Of the three, cysteine has a far lower 
concentration in liver cells than glutamate and glycine. Thus, intravenous N-acetylcysteine (NAC) is the 
antidote for APAP overdose given in Emergency Departments. NAC limits the hepatoxicity of APAP by 
increasing the synthesis of GSH in the liver[39]. Our APAP program allows us to investigate the 
consequences of different dosing protocols of NAC on the recovery of GSH after an APAP overdose[10]. We 
illustrate this by attempting to rescue the male [Figure 5] after an 18 g overdose of APAP. A typical dose of 
NAC is 300 mg/kg, which is approximately 18 gm for a 60 kg person, or 36,000 μM of NAC. We give 1/3 of 
this dose over the first 2 h and 2/3 of this dose over the next 3 h. The results are shown in Figure 5.

The black curve in Figure 5 shows the response of the male to an 18-gm dose of APAP if not treated. The 
result is almost certain liver failure because he has less than 30% of his hepatocytes over an extended time. 
The green curve shows the rescue of the male by the protocol described above, starting 10 h after ingestion. 
Since the green curve stays above the 30% line, the man will likely survive. The pink curve shows rescue by 
NAC starting at 16 h after ingestion. Rescue is possible but problematic since the pink curve descends 
somewhat below 30%. The contrasting outcomes of rescue at 10 h vs. 16 h underscore the widely 
acknowledged clinical observation that early intervention is crucial[40,41]. It is important to highlight the 
variability of clinical data; for instance, case reports have demonstrated survival after a 25 g overdose[42], and 
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Figure 4. Sexual differences in responses to APAP. Panels A, B, and C show the percentage of surviving hepatocytes for females (blue 
curves) and males (red curves) for a 15 g dose, an 18 g dose of APAP, and a 30 g dose of APAP, respectively, over the first 80 h after 
ingestion. The 15 g dose is not lethal, the 18 g dose is marginally lethal, and the 30 g dose is definitely lethal without N-acetyl cysteine 
(NAC) rescue in the ER. The 15 g and 18 g doses show large differences between males and females, while at 30 g, the responses are 
similar. At 4 g, the daily maximal dose recommended by the FDA, there is also no difference between the sexes (simulations not 
shown). Panels D, E, and F show the corresponding concentration curves for GSH. As shown in the literature[18], for moderate to high 
doses, female GSH recovers more quickly than male GSH.

Figure 5. Rescue by N-acetyl Cysteine. The black curve shows the response of the male to an 18-gm dose of APAP if not treated. The 
result is almost certain liver failure. The green curve shows the NAC rescue of the male by the protocol described in the text starting 
10 h after ingestion. The pink curve shows rescue by NAC starting at 16 h after ingestion; rescue is possible but problematic.

current guidelines in the United States and Canada indicate a high-risk ingestion to be ingestion of at least 
30 g of APAP[43].

DISCUSSION
By combining previous models and making a few parameter changes, we have created a new model of 
glutathione metabolism that we have used to investigate sexual dimorphism in the glutathione pathway in 
the liver. Although many enzymes in one-carbon metabolism are affected by the sex hormones testosterone 
and estradiol, the main reasons for sexual dimorphism in glutathione metabolism are the effects of estradiol 
and the GSH regulatory motif, which includes the inhibition of GS and GCL by GSH itself [Figure 2B]. To 
understand the effects of estradiol on such a complicated network, mathematical computation is required.
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We defined S to be a factor multiplying the Vmax values of GCL and GPX representing the activation of GCL 
and GPX, so S = 1 for males and S = 1.8 for females for average estradiol, since we make a case based on 
experimental and clinical results that the activation is by 80%. Then, we showed in Figure 1 that the male 
steady-state concentration of GSH is 4,971 μM, while the female steady-state concentration of GSH is 
8,516 μM. In addition, the rate of synthesis of GSH, GS, is higher in females. In Section 2, we computed how 
the steady-state concentration of GSH in females depends on the size of S. Interestingly, the female steady-
state is low for S near 1 and also low for S = 3.31, but at intermediate values of S, the female steady-state is 
considerably higher than that the male's. We explained that this non-monotone behavior of the female GSH 
curve is caused by the inhibition of GCL and GS by GSH.

GSH is the main antioxidant and detoxicant in the body. Using a previous model[10], we explained how this 
works in the case of acetaminophen (APAP) which is hepatotoxic. Our model suggests that the large male-
female differences in GSH concentration and the velocity of its synthesis cause females to be less sensitive to 
APAP toxicity compared to males. This is consistent with experimental data in mice[17,18] and in the human 
study[19]. We note, however, that human studies are controversial on this point.

We also investigated the behavior of GSH(t) during the menstrual cycle, and showed that GSH remains 
stable during the menstrual cycle, which was completely unexpected given the wide range of GSH steady 
states seen in Figure 2. We explained that this important result arises from the very slow change of GSH as 
S(t) is varied, and suggest that this may be an important evolutionary adaptation.

LIMITATIONS
Our models are based on the underlying physiology and the kinetics of the enzymes, but no model can 
encompass the entirety of biological complexity. Thus, our model necessarily incorporates simplifications. 
In our model, serine and glycine in the cell remain constant, as is methionine input (important for the 
synthesis of cysteine). For simplicity, we assume that the activations of GCL and GPX are equal, though that 
may not be the case. There is a lot of variance in gene expression levels, even for identical genes in different 
individuals[44-46]. The amount of estradiol produced during the menstrual cycle varies a lot in different 
women (see Panel A of Figure 3). Our APAP model[10] is simple because it does not include the processing 
of GSH in the mitochondria that has been shown to be fundamental for liver cell death in the presence of 
APAP[36]. We also take 30% of surviving hepatocytes to be the boundary between surviving and dying 
without NAC rescue[38]. Human responses are variable, and the outcomes may depend on the overall health 
of the patient. In fact, it has been reported that some mice die even though they retain 70% of their 
hepatocytes[37]. Finally, we have concentrated on the effect of estradiol on glutathione metabolism and have 
not included the effects of progesterone[47-49].
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