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Abstract: It is well known that fasting substantially affects the metabolism of drugs and chemicals. Food restriction also affects drug 
kinetics, such as absorption, metabolism, and excretion, and therefore, it can potentially modulate the onset of chemical toxicity or 
drug-induced adverse reactions. In the present study, the expression of drug-metabolizing enzyme genes and total glutathione con-
tent in the liver, which are related to toxicity induced by overdose of the hepatotoxic drug acetaminophen (N-acetyl-p-aminophenol; 
APAP), were examined in rats reared under different feeding conditions: ad libitum feeding, 16-h fasting, and food restriction (fed 
70% of the average intake of ad libitum feeding for 10 days) conditions. The rats under food restriction conditions as well as fasted 
rats showed significantly higher expression of Cyp2e1, the gene encoding the enzyme that metabolizes APAP to its toxic metabolite 
N-acetyl-p-benzoquinone imine (NAPQI). They also had lower levels of liver total glutathione, which detoxifies NAPQI. In contrast, 
the gene expression of UDP-glucuronosyltransferase 1A6 (Ugt1a6), sulfotransferase 1A1 (Sult1a1), and glutathione S-transferase M1 
(Gstm1) was not affected by food restriction or fasting. When APAP was administered (800 mg/kg), histopathological changes were not 
observed in rats fed ad libitum, while hepatocellular necrosis was observed in most of the rats treated with APAP after fasting or food 
restriction. Taken together, these results suggest that not only fasting but also food restriction exacerbate APAP-induced acute liver 
injury, probably by the induction of CYP2E1 and the reduction of liver glutathione contents, in rodents. (DOI: 10.1293/tox.2018-0009; 
J Toxicol Pathol 2018 31: 267–274)
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Introduction

Recently, calorie restriction, which affects lifespan and 
age-related diseases, has garnered increasing interest from 
researchers1, 2. Calorie restriction is defined as a reduction in 
calorie intake without malnutrition1. Food restriction, one of 
the means of calorie restriction, increases insulin sensitiv-
ity by lowering blood insulin and insulin-like growth factor 
1 levels and decreases the risk of diabetes and obesity3. It 
also increases the gene expression of antioxidant enzymes 
by activating AMP-dependent kinase and sirtuins1, 4, pro-
moting autophagy3, 5, inhibiting the transcriptional activity 
of nuclear factor kappa B6, and suppressing chronic inflam-
mation in animals2. Thus, food restriction prevents age-re-

lated diseases, such as cancer, neurodegeneration, cardio-
vascular disorders, and type II diabetes2. Indeed, in rhesus 
macaques, food restriction (to 70% of the average intake) 
extended lifespan and reduced the incidence of diabetes 
and cardiovascular disorders7. Food restriction (to 60% to 
70% of the average intake) also suppressed tissue damages, 
including renal damage caused by cisplatin8 or ischemia9, 
and hepatic damage induced by aflatoxin B110 or ethanol11 in 
mice and rats. Feeding conditions can affect chemical tox-
icity because chemical absorption and metabolism change 
based on nutritional status12. In fact, food restriction alters 
the gene expression and activity of P-glycoprotein, which 
is involved in chemical absorption in the small intestine13. 
These findings indicate that food restriction may change 
the kinetics of drug absorption, metabolism, and excretion, 
thereby determining the threshold and/or degree of chemi-
cal toxicity.

Acetaminophen (N-acetyl-p-aminophenol; APAP) is 
one of the most extensively used analgesics and antipyret-
ic agents worldwide. When administered orally, APAP is 
mostly absorbed by passive diffusion through small intes-
tinal epithelial cells14–16, and then it is excreted in the urine 
after conjugation with glucuronic acid or sulfate by UDP-
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glucuronosyltransferases or sulfotransferases, respectively, 
in the liver. In addition, APAP is metabolized to its active 
metabolite N-acetyl-p-benzoquinone imine (NAPQI) in 
part by the liver metabolic enzyme CYP2E1. NAPQI is de-
toxified through conjugation with glutathione by glutathione 
S-transferases and excreted in the bile14, 16, 17. It is well docu-
mented that overdose of APAP causes acute liver injury and 
liver failure in humans18, 19 and rodents20. When an overdose 
of APAP is ingested, large amounts of NAPQI are formed, 
which depletes liver glutathione and causes hepatocellular 
necrosis due to mitochondrial dysfunction and the peroxida-
tion of biological macromolecules21–23. Importantly, human 
APAP-induced liver injury can be caused by sub-toxic doses 
under fasting24–26 or long-term nutrient-poor conditions27, 28, 
indicating that poor nutrition can lower the threshold for 
APAP-induced hepatic toxicity. However, while it was dem-
onstrated that fasting worsens APAP-induced liver injury 
in rodents29, 30, there are few reports on the effect of food 
restriction without malnutrition on APAP-induced liver in-
jury.

In the present study, we examined the gene expression 
of enzymes involved in APAP metabolism, including UDP-
glucuronosyltransferase 1A6 (Ugt1a6), sulfotransferase 1A1 
(Sult1a1), cytochrome P450 2E1 (Cyp2e1), and glutathione-
S-transferase M1 (Gstm1), and the total glutathione content 
in the rat liver under fasting and food restriction conditions 
in comparison with those in the livers of rats fed ad libitum. 
Moreover, we compared the frequency and degree of APAP-
induced toxicity under the different feeding conditions.

Materials and Methods

Animals and feeding conditions
Male Wistar/ST rats (6–7 weeks old) were purchased 

from Japan SLC (Shizuoka, Japan), fed a normal diet (CE-2; 
CREA Japan, Tokyo, Japan), and maintained under standard 
conditions at 23 ± 1°C with 55 ± 10% humidity and a con-
trolled light/dark schedule (light from 08:00 to 20:00). The 
animals were adapted to the rearing environment for ap-
proximately 1 week and then reared under 3 different condi-
tions: 1) ad libitum feeding (ALF); 2) 16-h fasting (Fasting), 
in which animals were not fed from 17:00 to 09:00 on the 
following day; and 3) restricted feeding (RF), in which the 
animals were given 14 g of chow, which constituted 70% of 
the average daily food intake (approximately 20 g), at 17:00 
every day for 10 days. The feed dosage in the RF group was 
determined in accordance with a previous report31. All ani-
mals were individually housed and had free access to tap 
water. This study was performed in accordance with the 
laboratory animal welfare regulations of our company based 
on the Standards Relating to the Care and Management of 
Laboratory Animals and Relief of Pain (Notice No. 88 of 
the Ministry of Environment dated April 28, 2006), and the 
protocol of the animal study was approved by the Animal 
Ethics Committee of API (protocol # 42-002).

Measurement of the expression of drug-metabolizing 
enzyme genes and liver glutathione content

The animals were divided into ALF, Fasting, and RF 
groups and were sacrificed by exsanguination under iso-
flurane (Wako Pure Chemical Industries, Osaka, Japan) 
anesthesia (ALF and Fasting groups, 09:00, n=5 each; RF 
group, 09:00 or 16:00, n=5 at each time point). The livers 
were immediately collected, weighed, minced, and frozen 
in liquid nitrogen. The liver samples were stored at −80°C 
until analysisfor mRNA levels of APAP-related metabolic 
enzymes and glutathione content. For gene expression anal-
ysis, liver tissue (approximately 50 mg) was homogenized 
in 1 mL of ISOGEN® II (Nippon Gene, Tokyo, Japan) us-
ing a Polytron® PT1300D (Kinematica, Lucerne, Switzer-
land) and then sterilized, and ultrapure water was added 
to the homogenates. The homogenates were centrifuged at 
12,000 × g for 15 min at 4°C, and the supernatants were 
collected and analyzed. Total RNA was extracted and pu-
rified using 4-bromoanisole (Wako Pure Chemical Indus-
tries) and 8 mM lithium chloride solution (Nacalai Tesque, 
Kyoto, Japan). cDNA was synthesized from the total RNA 
with SuperScriptTM III First-Strand Synthesis SuperMix for 
qRT-PCR (Thermo Fisher Scientific, Waltham, MA, USA) 
and used for quantitative polymerase chain reaction (PCR) 
analyses. Quantitative PCR was conducted on an Applied 
Biosystems 7300 Real-Time PCR System (Thermo Fisher 
Scientific), using 40 cycles at 95°C for 15 s and 60°C for 
1 min. The enzyme involved in APAP metabolism was se-
lected according to previous reports16, 17, 26–28 and primers 
for Ugt1a6, Sult1a1, Cyp2e1, Gstm1, and glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) were designed using 
Primer-BLAST (Table 1; https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) based on the sequences obtained from 
the NCBI Reference Sequence Database (https://www.ncbi.
nlm.nih.gov/refseq/). The mRNA level of each gene was 
normalized to that of Gapdh.

For measurement of liver glutathione content, liver 
tissue (approximately 100 mg) was homogenized in 1 mL 
of 5% (w/v) 5-sulfosalicylic acid (Nacalai Tesque) solution 
using a Polytron® PT1300D. The homogenates were centri-
fuged at 8,000 × g for 10 min at 4°C, and the supernatants 
were collected to measure the glutathione contents. Total 
glutathione contents were measured with a GSSG/GSH 
Quantification Kit (Dojindo Laboratories, Kumamoto, Ja-
pan) and presented as moles of glutathione per whole liver.

Assessment of APAP-induced liver injury
APAP (Nacalai Tesque) was dissolved in 0.5% (w/v) 

methylcellulose (Shin-Etsu Chemical, Tokyo, Japan) solu-
tion, which was administered to the animals by oral gavage 
at 800 mg/kg, which is equivalent to twice the daily maxi-
mum dose in humans. The animals were divided into ALF 
(n=3), Fasting (n=5), and RF (n=5) groups according to the 
feeding conditions before APAP administration. APAP was 
orally administered to the ALF and Fasting groups at 09:00 
and to the RF group at 16:00. After APAP administration, 
animals in the ALF and Fasting groups were fed freely from 
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10:00 and then euthanized after overnight fasting, and those 
in the RF group were given 14 g diet at 17:00 and euthanized 
after daytime fasting. Twenty-four hours after the adminis-
tration of APAP, blood samples were drawn into tubes con-
taining a serum-separating agent from an abdominal vein 
under isoflurane anesthesia (Terumo, Tokyo, Japan). Liver 
samples were immediately collected, weighed, fixed in 10% 
neutral-buffered formalin (Wako Pure Chemical Indus-
tries), and embedded in paraffin. Paraffin-embedded tissue 
sections were stained with hematoxylin and eosin (Wako 
Pure Chemical Industries) for histopathological analysis by 
light microscopy. Blood samples were centrifuged at 2,000 
× g for 15 min at 4°C, and the serum was collected for the 
measurement of alanine transaminase (ALT) and aspartate 
transaminase (AST) levels by FUJI DRI-CHEM (Fujifilm, 
Tokyo, Japan).

Statistical analysis
Statistical analyses were performed using Ekuseru-

Toukei 2012 (Social Survey Research Information, Tokyo, 
Japan). After examining the homogeneity of variance among 
the experimental groups with Bartlett’s test, Dunnett’s or 
Steel’s multiple comparison tests were used for parametric 
or nonparametric analyses, respectively, to compare mRNA 
levels, liver glutathione contents, and ALT and AST levels. 
In the RF group, Student’s t-test was used for comparison of 
the liver glutathione contents between 2 time points. Differ-
ences were considered significant when the p-value was less 
than 0.05 (p<0.05).

Results

Clinical signs, body weight, and food consumption
Abnormal clinical symptoms were not observed in any 

of the groups. The mean body weight of the RF group was 
approximately 83% of that of the ALF group; no decrease in 
body weight gain was observed during the period of food re-
striction (data not shown). The RF animals consumed their 
full allotment of chow (14 g/day) throughout the experimen-
tal period.

Effects of food restriction on the gene expression of 
drug-metabolizing enzymes and the total glutathione 
content in the liver

As shown in Fig. 1C, the mRNA levels of Cyp2e1 were 
significantly higher in the Fasting and RF groups than in 
the ALF group (p<0.01, respectively). The mRNA levels of 
Ugt1a6, Sult1a1, and Gstm1 were similar among the groups 
(Fig. 1A, B, and D).

The total glutathione contents in the liver significantly 
decreased after the 16-h fast (p<0.01). The values of the 
RF group sacrificed at 09:00 decreased to 86% of the value 
of the ALF group, although the difference was not signif-
icant (Fig. 2). Furthermore, during 8 h in the light phase 
(09:00–17:00), there was a highly significant reduction in 
the liver glutathione content in the rats reared under food 
restriction (p<0.01), and the RF group sacrificed at 16:00 
had significantly lower glutathione contents than the ALF 
group (p<0.01).

APAP-induced liver injury in rats under different 
feeding conditions

Histological changes were not observed in the animals 
administered APAP under the ALF condition (Fig. 3A). On 
the other hand, centrilobular hepatocellular necrosis with 
inflammatory cell infiltration was observed in 2 out of the 
5 animals in the Fasting group (Fig. 3B), and single-cell 
hepatocellular necrosis with inflammatory cell infiltration 
around central veins was observed in 2 out of the remain-
ing 3 animals. Consistently, the serum ALT and AST levels 
were approximately 1.5-fold higher and more than 3-fold 
higher, respectively, in the 2 animals with centrilobular 
hepatocellular necrosis than in the animals without hepa-
tocellular necrosis (Table 2). The serum AST levels were 
approximately 1.4-fold higher in the 2 animals with single-
cell hepatocellular necrosis than in the animals without he-
patocellular necrosis (Table 2). In the RF group, single-cell 
hepatocellular necrosis with inflammatory cell infiltration 
around the central veins was observed in 3 out of the 5 ani-
mals (Fig. 3C and D). The serum AST, but not ALT, levels of 
in the animals with single-cell hepatocellular necrosis were 
very slightly higher than in the animals without hepatocel-
lular necrosis (Table 2). Significant differences in the serum 
ALT and AST levels among the groups were not observed.

Table 1. PCR Primers

Gene name Accession no. F or R Sequence Product size (bp)

Ugt1a6 NM_057105.3 F 5′-AACATGATCTTCATTGGAGGGAC-3′ 151
R 5′-CCATCGCTTTCTTCTCTGGAATC-3′

Sult1a1 NM_031834.1 F 5′-CCACGGCTCCTTAAGACACA-3′ 109
R 5′-AGACAACCACATCCTTTGCATTT-3′

Cyp2e1 NM_031543.1 F 5′-CTGAGACCACCAGCACAACT-3′ 102
R 5′-GCCCAATAACCCTGTCAATTTCT-3′

Gstm1 NM_017014.1 F 5′-ATGATACTGGGATACTGGAACGT-3′ 131
R 5′-CACTGGCTTCTGTCATAGTCG-3′

Gapdh NM_017008.4 F 5′-GACATGCCGCCTGGAGAA-3′ 102
R 5′-AGCCCAGGATGCCCTTTAGT-3′

F: forward primer, R: reverse primer.
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Fig. 1. mRNA levels of the drug-metabolizing enzymes UDP-glucuronosyltransferase 1A6 (Ugt1A6), sulfotransferase 1A1 (Sult1A1), cyto-
chrome P450 2E1 (Cyp2e1), and glutathione S-transferase M1 (Gstm1) under the different conditions of feeding. The gene expression 
levels are normalized to Gapdh expression. The solid circles represent individual values, and the horizontal bars indicate the mean 
(middle) and standard deviation (upper and lower) values for each group. The sampling times are shown in parentheses. ALF, ad libitum-
fed group; Fasting, 16-h-fasted group; and RF, food-restricted (70% of the average intake) group. **p<0.01 versus the ALF (09:00) group, 
assessed by Steel’s test.

Fig. 2. Total liver glutathione content under the different feeding con-
ditions. The solid circles represent individual values, and the 
horizontal bars indicate the mean (middle) and standard de-
viation (upper and lower) for each group. The sampling times 
are shown in parentheses. ALF, ad libitum-fed group; Fasting, 
16-h-fasted group; RF, food-restricted (70% of the average in-
take) group; and GSH, glutathione. **p<0.01 versus the ALF 
(09:00) group, assessed by Dunnett’s test. ##p<0.01 versus the 
RF (09:00) group, assessed by Student’s t-test.

Fig. 2.
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Discussion

In the present study, we found that the expression of 
Cyp2e1 was higher under the fasting condition than under 

the ad libitum feeding condition, consistent with previous 
reports indicating that CYP2E1 expression is enhanced by 
fasting27, 32–34. Importantly, Cyp2e1 expression was upreg-
ulated to a similar level under food restriction. When the 

Fig. 3. Representative images of the histopathological changes in the liver after oral administration of APAP (800 mg/kg) under the different 
feeding conditions. The (A) ad libitum-fed rats were euthanized at 09:00, and no abnormality was observed. (B) The 16-h-fasted rats 
were euthanized at 09:00, and centrilobular hepatocellular necrosis with inflammatory cell infiltration was observed. (C and D) The food-
restricted (70% of the average intake) rats were euthanized at 16:00, and single hepatocellular necrosis with inflammatory cell infiltration 
was observed. The arrows indicate single hepatocellular necrosis. CV, central vein; PT, portal triad. Tissue specimens were stained with 
hematoxylin and eosin. Magnification: A and B, 100×; C, 200×; and D, 400×).

Table 2. The Degree of Hepatocellular Necrosis and the Serum ALT And AST Levels after Oral Adminis-
tration of APAP (800 Mg/Kg) under the Different Feeding Conditions

Feeding condition Time of APAP 
administration

Hepatocellular necrosis
ALT (U/L) AST (U/L)

Centrilobular Single cell

Ad libitum feeding 9:00 − − 41 84
− − 53 77
− − 59 93

16−h fasting 9:00 + − 92 283
+ − 82 380
− + 49 115
− + 53 125
− − 40 79

Restricted feeding 16:00 − + 51 100
− − 37 61
− + 48 83
− + 59 102
− − 39 59

+: observed, −: not observed.
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supply of carbohydrates is limited, citric acid is synthesized 
from acetyl-CoA produced by β-oxidation of fatty acids 
in the liver, and citric acid generates bioenergy via the tri-
carboxylic acid cycle35. Ketone bodies, such as acetoacetic 
acid, β-hydroxy (lactic) acid, and acetone, which are also 
synthesized from acetyl-CoA in the liver, circulate in the 
blood and are used as bioenergy sources35. Acetone potently 
induces CYP2E1 activity28, 32 and there is a positive correla-
tion between the blood concentration of acetone and hepatic 
CYP2E1 activity34. In previous studies, the blood concen-
tration of ketone bodies increased in the setting of food re-
striction (80% of the average intake) for 3 weeks36, while 
a single day of restricted feeding (75% of average intake) 
did not change CYP2E1 activity37. It is possible that ketone 
body metabolites increase due to energy insufficiency under 
fasting and food restriction (70% of the average intake) for 
10 days, leading to the induction of CYP2E1. In the pres-
ent study, Cyp2e1 mRNA expression under food restriction 
was examined at 16:00 in order to render the effect of food 
restriction more obvious, while the rats were euthanized at 
9:00 under ad libitum feeding and fasting conditions. Al-
though CYP2E1 shows a substantial circadian variation in 
rats, it has been shown that the extent of daily fluctuation of 
CYP2E1 activity is much smaller than the elevation induced 
by fasting34. Therefore, the upregulation of the Cyp2e1 gene 
was thought to be due to the food restriction.

We also found that liver glutathione content decreased 
after 16 h of fasting and at 16:00 under food restriction for 
10 days. Glutathione plays an important role in animals for 
the maintenance of a balanced cellular oxidation–reduction 
status; it is conjugated to and excreted with highly reactive 
chemicals. Glutathione is composed of cysteine, glutam-
ic acid, and glycine. The stock of cysteine in the body is 
small, and its biosynthesis requires essential amino acids, 
such as methionine and serine38, 39; the amount of glutathi-
one is thought to decrease upon fasting due to a reduced 
supply of amino acids from the diet. The liver glutathione 
content falls to 75% of that in ad libitum-fed rats in rats fed 
a cysteine-deficient diet for 8 days38. Interestingly, the liver 
glutathione content in 24-h-fasted rats was approximately 
40% of that in non-fasted rats and was maintained, in spite 
of continuous fasting for 48 h or 72 h39, suggesting that 
animals maintain their liver glutathione content under fast-
ing conditions to protect against reactive oxygen species or 
highly reactive chemicals. The rats in the RF group, which 
received a uniformly low supply of cysteine, methionine, 
and serine, may have had a lower level of glutathione bio-
synthesis than the ad libitum-fed rats. In a previous report, 
food restriction (75% of average intake) for 1 day did not 
change the glutathione content of the rat liver37; however, the 
10-day food restriction tended to lower the liver glutathione 
content in the present study. The discrepancy might be due 
to the difference in the duration of food restriction; the sup-
ply of cysteine from the diet may have been continuously 
lower during our 10-day restriction period than in the 1-day 
restriction period. Cysteine is preferentially used for protein 
synthesis to maintain vital functions40, and a deficiency ap-

pears to limit the amount of liver glutathione available for 
drug metabolism. Previous studies reported that, because 
rats mainly feed in the dark phase, their liver glutathione 
content is highest at the beginning of the light phase, de-
creases with time, and finally settles at approximately 70% 
of the peak value at the end of the light phase34, 41. In this 
study, we found that the liver glutathione content at the end 
of the light phase (at 16:00) was 44% of that observed at the 
beginning of the light phase (at 09:00) in the food-restricted 
rats, indicating that glutathione content could fluctuate un-
der the food restriction condition. This result also indicates 
that daily variations in liver glutathione content might be 
larger under food restriction than under ad libitum feeding.

We also evaluated the development of APAP-induced 
liver injury under various feeding conditions. We selected 
a dose of 800 mg/kg, which is non-toxic to the liver under 
ad libitum feeding. Of note, hepatocellular necrosis was 
observed under food restriction as well as under fasting 
condition, while no change was observed under ad libitum 
feeding, as expected. Interestingly, although the changes in 
Cyp2e1 expression and liver glutathione content were nearly 
equivalent under food restriction and fasting, the degree 
of APAP-induced hepatocellular necrosis was lower in the 
food-restricted rats than in the fasted rats, which suggests 
that other factors are also implicated in APAP toxicity. As 
reported in previous studies42-45, the activity of other antiox-
idant enzymes, such as superoxide dismutase, catalase, and 
glutathione peroxidase, may be increased under the fasting 
or food-restricted conditions. In addition, we observed in-
dividual differences in the development of hepatocellular 
necrosis with the elevation of serum ALT and AST levels in 
the fasted and food-restricted rats. The precise causes of the 
individual differences in hepatotoxicity caused by APAP are 
unclear, but these differences can likely be attributed in part 
to differences in enzyme activities related to APAP metabo-
lism, antioxidant defense, and detoxification capacity.

In conclusion, the present study indicated that higher 
expression of the APAP-metabolizing enzyme CYP2E1 and 
lower liver glutathione content can be attributed to the exac-
erbation of APAP-induced acute liver injury in rodents, not 
only under fasting but also food-restricted conditions.
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