
ORIGINAL ARTICLE
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Mechanisms and Effects on Liver Regeneration
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We show that brief periods of fasting induce functional changes similar to those induced by long-term dietary restriction in
mice, and these changes include protection from ischemia/reperfusion (I/R) injury. In this study, we investigated the mecha-
nisms of protection induced by fasting, and we determined the effect on liver regeneration after partial hepatectomy. Partial he-
patic ischemia (75 minutes) was induced in ad libitum fed mice and in 1- to 3-day-fasted mice, and one-third or two-thirds
hepatectomy was performed in ad libitum fed mice and 3-day-fasted mice. Preoperative fasting for 2 or 3 days significantly
decreased hepatocellular I/R injury. Hepatic gene expression of heme oxygenase 1 (HO-1), superoxide dismutase 2 (SOD2),
glutathione peroxidase 1 (Gpx1), and glutathione reductase (GSR) was significantly up-regulated in 3-day-fasted mice at the
baseline and 6 hours after reperfusion. After reperfusion, p-selectin and interleukin-6 (IL-6) levels were significantly lower, and
superoxide radical generation, lipid peroxidation, and neutrophil influx were significantly attenuated in 3-day-fasted mice. Preop-
erative fasting did not affect liver regeneration after one-third hepatectomy. Hepatic gene expression of IL-6 and transforming
growth factor b1 was significantly higher in 3-day-fasted mice before and after one-third hepatectomy. Tumor necrosis factor a
expression significantly increased after one-third hepatectomy in 3-day-fasted mice. After a 3-day fast and two-thirds hepatec-
tomy, liver regeneration and subsequent postoperative recovery were compromised. In conclusion, up-regulation of the stress
response gene HO-1 and the antioxidant enzymes SOD2, Gpx1, and GSR at the baseline and a better response after reperfu-
sion likely underlie the protection induced by fasting against hepatic I/R injury. Preoperative fasting may be a promising new
strategy for protecting the liver against I/R injury during liver transplantation and minor liver resections, although its effect on
extended hepatectomy warrants further exploration. Liver Transpl 17:695-704, 2011. VC 2011 AASLD.
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The temporary occlusion of the hepatic inflow (Pringle
maneuver) or the hepatic inflow and outflow (total he-
patic vascular occlusion) are techniques routinely
used during extended liver surgeries such as hepatic
resection and liver transplantation.1,2 These pro-

longed interruptions of hepatic blood flow result in
ischemia/reperfusion (I/R) injury.

Hepatic I/R injury is characterized by progressive
hepatocellular injury and hepatocyte loss after reper-
fusion. It is considered to be a risk factor for
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potentially lethal primary or delayed nonfunction of
the liver3,4 and for distant damage to organs such as
the kidneys, heart, and lungs.5,6 Depending on the
degree of hepatic injury, regenerative mechanisms are
activated, and they restore liver function by recovering
lost and damaged cells. To circumvent the consequen-
ces of hepatic I/R injury during liver surgery and liver
transplantation, the development of a protective strat-
egy against I/R is warranted.

Dietary restriction (DR), defined as reduced food
intake without malnutrition, has been reported to
extend the lifespan of several organisms, including
nonhuman primates.7 DR is associated not only with
extended longevity but also with prolonged health
span8,9 and improved resistance against multiple
stressors.10-12 We have shown recently that fasting
can rapidly induce DR-like effects on the combined
levels of gene expression, physiology, and stress
resistance.13 Fasting for 3 days is as effective as 1
month of DR in reducing I/R injury.

Although previous studies showed beneficial effects
of fasting against hepatic I/R injury in liver transplant
models,14 the mechanism was not understood (with
no connection whatsoever to DR), and the findings
were contrary to current expectations. Studies with
an isolated rat liver perfusion model later contested
these findings,15 and the issue has been mired in con-
troversy to this day.

In the present study, we aimed to elucidate the
mechanisms of protection induced by fasting against
hepatic I/R injury. Because the postoperative out-
come in the clinic is determined by the severity of the
I/R injury and the regenerative capacity of the liver,
we also investigated the effects of fasting on liver
regeneration after partial hepatectomy (PH). Here we
show that up-regulation of the antioxidant enzymes
superoxide dismutase 2 (SOD2), glutathione peroxi-
dase 1 (Gpx1), and glutathione reductase (GSR) and
the stress response gene heme oxygenase 1 (HO-1)
underlies the protection from fasting against hepatic
I/R injury. In addition, we show that preoperative
fasting does not affect liver regeneration after a minor
liver resection, although it prevents adequate liver
regeneration and subsequent postoperative recovery
after extended hepatectomy.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (�25 g) were obtained from Har-
lan (Horst, the Netherlands). All mice had free access
to water and chow (Special Diet Services, Witham,
United Kingdom) unless stated otherwise. A 1- to
3-day water-only fasting regimen was applied to mice
that were transferred to clean cages without food at
5:00 pm (n ¼ 2-4 animals per cage). No deaths
occurred during these fasting periods. The experimen-
tal protocol was approved by the animal experiments
committee under the Dutch National Experiments on

Animals Act, and it complied with Directive 86/609/
EC (1986) of the Council of Europe.

Surgeries

All surgeries were performed between 9:00 am and
1:00 pm. Mice were anesthetized by isoflurane/N2/O2

inhalation and placed on a heating plate for mainte-
nance of their body temperature. Partial (70%) hepatic
I/R injury was induced by the occlusion of the blood
flow to the left lateral and median liver lobes with an
atraumatic microvascular clamp for 75 minutes. After
clamp removal, the restoration of blood flow in the is-
chemic liver lobes was monitored. Mortality associ-
ated with this amount of ischemic damage to the liver
was not observed.

PH was performed by resection of the left lateral
liver lobe (one-third PH) or the left lateral and median
liver lobes (two-thirds PH). All mice received 0.5 mL of
phosphate-buffered saline subcutaneously. The mice
were placed under a heating lamp until they recovered
from anesthesia. Directly after surgery, all animals
had free access to food and water.

Hepatocellular Injury

Preoperatively fed mice (n ¼ 4-5 per time point), 1-
day-fasted mice (n ¼ 2-3 per time point), 2-day-fasted
mice (n ¼ 6-7 per time point), and 3-day-fasted mice
(n ¼ 7-8 per time point) were anesthetized, and blood
was drawn by retro-orbital puncture before surgery
(baseline) and 6 and 24 hours after reperfusion. Sera
were analyzed for the serum alanine aminotransferase
(sALT) level at the Central Clinical Chemical Labora-
tory of the Erasmus University Medical Center.
Hemorrhagic necrosis was assessed 24 hours after
reperfusion in 3-lm-thick hematoxylin and eosin–
stained liver sections from preoperatively fed mice
(n ¼ 8), 1-day-fasted mice (n ¼ 5), 2-day-fasted mice
(n ¼ 3), and 3-day-fasted mice (n ¼ 11) at a magnifi-
cation of 100� (with 5 random microscopic fields per
section) by 2 independent observers blinded to the
treatment. Hemorrhagic necrosis was characterized
by the loss of the cellular architecture and the pres-
ence of erythrocytes in necrotic areas. The percentage
of hemorrhagic necrosis per microscopic field was
semiquantitatively determined with the following scor-
ing system: 0% (absent), 0% to 25% (<25% necrosis
per microscopic field), 25% to 50% (25% to <50%
necrosis per microscopic field), 50% to 75% (50% to
<75% necrosis per microscopic field), 75% to 100%
(75% to <100% necrosis per microscopic field), or
100% (100% necrosis per microscopic field).

Immunohistochemistry

Frozen liver sections (5 lm) from preoperatively fed
mice (n ¼ 3-6 per time point) and 3-day-fasted mice
(n ¼ 4-5 per time point) before (baseline) and 6 and
24 hours after reperfusion were stained with a mono-
clonal antibody against neutrophils and visualized
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with an alkaline phosphatase secondary antibody. For
proliferating cell nuclear antigen (PCNA), paraffin-
embedded (3 lm) liver sections from preoperatively
fed mice (n ¼ 4-6 per time point per treatment) and 3-
day-fasted mice (n ¼ 4-6 per time point per treatment)
before (baseline) and 24 and 48 hours after one-third
or two-thirds hepatectomy were stained with a mono-
clonal antibody against neutrophils and visualized
with a horseradish peroxidase–conjugated secondary
antibody. In 5 microscopic fields per section, the
number of neutrophils or the PCNA index (the per-
centage of PCNA-positive cells with respect to the total
number of cells) was counted by independent observ-
ers blinded to the treatment at magnifications of 200
to 400�.

Superoxide Radical Production

Superoxide radical production in the livers of preoper-
atively fed mice (n ¼ 4-8 per time point) and 3-day-
fasted mice (n ¼ 4-5 per time point) before (baseline)
and 6 and 24 hours after reperfusion was measured
as described16 with 10 lM dihydroethidium. At least
300 nuclei per section were counted in 2 to 3 consec-
utive sections by an independent observer blinded to
the treatment.

Hepatic Oxidative Stress

Lipid peroxidation, an index for oxidative damage to lip-
ids, was assessed by colorimetric determination of thio-
barbituric acid reactive substances (TBARS) in livers
from preoperatively fed mice (n ¼ 4-6 per time point)
and 3-day-fasted mice (n ¼ 4 per time point) before
(baseline) and 6 and 24 hours after reperfusion with the
QuantiChrom TBARS assay kit (DTBA-100, BioAssay
Systems, Hayward, CA) according to the manufacturer’s
instructions. The TBARS concentration was expressed
as the malondialdehyde (MDA) production (nM/mg of
protein). Each sample was tested three times.

Liver Weight/Total Body Weight Ratio

Wet liver weights and total body weights were deter-
mined at the baseline and 5 days after one-third PH
for preoperatively fed mice (n ¼ 3-4 per time point)
and 3-day-fasted mice (n ¼ 3-5 per time point) and for
3-day-fasted mice refed for 5 days without PH (n ¼ 4
per time point). The liver weight/total body weight
ratio was calculated as the wet liver weight divided by
the total body weight.

Real-Time Quantitative Reverse-Transcription

Polymerase Chain Reaction (qRT-PCR)

With the TRIzol reagent (Invitrogen, Breda, the Neth-
erlands), total RNA was extracted from frozen liver tis-
sues obtained from preoperatively fed mice (n ¼ 3-4
per time point) and 3-day-fasted mice (n ¼ 3-5 per
time point) before (baseline) and 6 and 24 hours after
reperfusion and from preoperatively fed mice (n ¼ 4-6
per time point per treatment) and 3-day-fasted mice

(n ¼ 3-6 per time point per treatment) before (base-
line) and 24 and 48 hours after one-third or two-
thirds hepatectomy. Total RNA was purified by a
deoxyribonuclease treatment (RQ1 ribonuclease-free
deoxyribonuclease, Promega Benelux B.V., Leiden, the
Netherlands) and reverse-transcribed to complemen-
tary DNA with random hexamer primers and Super-
script II RT (both from Invitrogen) according to the
manufacturer’s instructions. Quantitative RT-PCR
was performed with a MyiQ single-color, real-time po-
lymerase chain reaction detection system with SYBR
Green incorporation (both from Bio-Rad Laboratories
B.V., Veenendaal, the Netherlands; primer sequences
are available upon request). The relative expression
was calculated as 2�(DCt sample � DCt Control) (DCt is the
difference in the cycle threshold). Each sample was
tested at least twice.

Statistical Analysis

The data are expressed as means and standard errors
of the mean. Differences in groups were analyzed by
Mann-Whitney U tests with SPSS (version 15). Differ-
ences were considered significant at P � 0.05.

RESULTS

Preoperative Fasting Protected Against Hepatic

I/R Injury

Six hours after reperfusion, sALT levels were signifi-
cantly lower in 2-day-fasted mice (5603 6 1446 U/L,
P ¼ 0.004) and 3-day-fasted mice (6642 6 1109 U/L,
P ¼ 0.004) versus ad libitum fed mice (16196 6 456
U/L; Fig. 1A). Twenty-four hours after reperfusion,
sALT levels remained significantly lower in 2-day-
fasted mice (1593 6 598 U/L, P ¼ 0.03) and 3-day-
fasted mice (1880 6 332 U/L, P ¼ 0.02) versus the
control group (4356 6 920 U/L). The histological ex-
amination of livers (Fig. 1B) from 2-day-fasted mice
and 3-day-fasted mice revealed significantly smaller
areas of hemorrhagic necrosis in comparison with liv-
ers from fed mice (25% 6 0% in 2-day-fasted mice
and 28% 6 6% in 3-day-fasted mice versus 69% 6
6% in fed mice, P ¼ 0.01 versus 2-day-fasted mice
and P ¼ 0.001 versus 3-day-fasted mice).

Preoperative Fasting Reduced the Inflammatory

Response After Hepatic I/R

The development of hepatic I/R injury is a biphasic
inflammatory process. In the first phase, reactive
oxygen species are generated and induce oxidative
damage to local macromolecules such as lipids and pro-
teins,17 whereas the second phase is characterized by
the release of proinflammatory cytokines such as inter-
leukin-6 (IL-6), the expression of adhesion molecules
such as p-selectin, and the subsequent infiltration of
neutrophils.18 We investigated the effect of 3 days of
preoperative fasting on the inflammatory response after
hepatic I/R. Six hours after reperfusion, significantly
fewer superoxide radicals were produced in livers from
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fasted mice (644 6 41 versus 1453 6 235 in livers from
fed mice, P ¼ 0.02; Fig. 2A). Significantly lower lipid
peroxidation levels were found in livers from fasted
mice 24 hours after reperfusion (7.5 6 1.0 versus 11.7
6 0.9 nM MDA/mg of protein in livers from fed mice, P
¼ 0.02; Fig. 2B). Hepatic messenger RNA (mRNA)
expression levels for p-selectin and IL-6 were signifi-
cantly higher in fasted livers at the baseline (p-selectin,
4.2 6 1.4 versus 0.7 6 0.1 in livers from fed mice, P ¼
0.03; IL-6, 3.6 6 1.2 versus 1.1 6 0.2 in livers from fed
mice, P ¼ 0.05; Fig. 2C). Six hours after reperfusion,
both inflammatory markers were significantly lower in
livers from fasted mice (p-selectin, P ¼ 0.03 versus liv-
ers from fed mice; IL-6, P ¼ 0.02 versus livers from fed
mice). Twenty-four hours after reperfusion, this differ-
ence remained significant for p-selectin (P ¼ 0.03); for
IL-6, P was not significant versus livers from fed mice
(Fig. 2C). Significantly fewer neutrophils were present
in livers from fasted mice (P ¼ 0.02) 24 hours after
reperfusion (Fig. 2D).

Fasting Up-Regulated Antioxidant Enzymes

and the Stress Response Gene HO-1

In response to hepatic I/R, heat shock proteins and
antioxidants are produced that mitigate hepatocellu-
lar injury.19,20 We investigated the effect of 3 days of
preoperative fasting on heat shock protein 70 (Hsp70)
and HO-1 gene expression, and we determined its
effect on the antioxidant enzyme activities of SOD2,
Gpx1, GSR, and SOD1 with quantitative RT-PCR. At
the baseline, HO-1 expression was up-regulated 8-
fold in livers from fasted mice (8.8 6 2.2 versus 1.1 6
0.2 in fed mice, P ¼ 0.01; Fig. 3A). Six hours after
reperfusion, HO-1 expression significantly increased
in livers from both groups versus the baseline (fasted
mice, 23.3-fold increase, P ¼ 0.01; fed mice, 15.0-fold
increase, P ¼ 0.02), and there were significantly
higher levels in livers from fasted mice versus those
from fed mice (203.8 6 51.9 versus 16.5 6 2.1, P ¼
0.02; Fig. 3A). HO-1 expression did not significantly
change in livers from fed mice 24 hours after reperfu-
sion versus 6 hours after reperfusion, whereas in
fasted mice, it returned to the baseline. No significant
difference in Hsp70 expression was found at the base-
line (Fig. 3B) or 6 hours after reperfusion, at which
time Hsp70 expression peaked in both groups before
it returned to baseline values 24 hours after reperfu-
sion. In livers from 3-day-fasted mice, expression
levels of SOD2, Gpx1, and GSR were significantly up-
regulated at the baseline (SOD2, 2.7 6 0.2 versus 1.0
6 0.1 in livers from fed mice, P ¼ 0.01; Gpx1, 1.4 6
0.1 versus 1.0 6 0.0 in livers from fed mice, P ¼ 0.03;
GSR, 3.9 6 0.8 versus 1.0 6 0.1 in livers from fed
mice, P ¼ 0.01; Fig. 3C-E). In the fasted group, SOD2
expression increased 4.2 times (5.9 6 1.9 versus 1.4
6 0.1 in livers from fed mice, P ¼ 0.03), Gpx1 expres-
sion increased 2.5 times (1.5 6 0.5 versus 0.6 6 0.0
in livers from fed mice, P ¼ 0.03), GSR expression
increased 5.0 times (13.4 6 4.8 versus 2.7 6 0.0 in
livers from fed mice, P ¼ 0.03), and SOD1 expression
increased 3.6 times (4.0 6 0.6 versus 1.1 6 0.2 in liv-
ers from fed mice, P ¼ 0.02) 6 hours after reperfusion
(Fig. 3F). SOD2 (4.4 6 1.5), Gpx1 (0.8 6 0.1), GSR
(8.9 6 3.1), and SOD1 expression levels (2.0 6 0.2)
decreased in livers from fasted mice 24 hours after
reperfusion versus 6 hours after reperfusion. In livers
from fed mice 24 hours after reperfusion, no signifi-
cant changes in expression levels were observed in
comparison with livers from fed mice 6 hours after
reperfusion.

Fasting Did Not Affect Liver Regeneration

After PH

An important determinant of postoperative liver func-
tion is the capacity of the liver to regenerate. To inves-
tigate liver regeneration, we determined liver weight/
total body weight ratios of preoperatively fed mice and
3-day-fasted mice before and 5 days after one-third
PH. As controls, the liver weight/total body weight
ratios of 3-day-fasted mice refed for 5 days without

Figure 1. Hepatocellular injury. (A) After reperfusion, the sALT
concentration was significantly lower in mice preoperatively
fasted for 2 or 3 days. (B) Twenty-four hours after reperfusion,
livers from mice preoperatively fasted for 2 or 3 days had
significantly less hemorrhagic necrosis. The data are expressed
as means and standard errors of the mean. *P < 0.05 and **P <
0.01 versus preoperatively fed mice.
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PH were determined. At the baseline, significant
decreases in the liver weight (P ¼ 0.05) and the total
body weight (P ¼ 0.05) were observed in fasted mice
versus fed mice (Fig. 4A). Fasted mice had signifi-
cantly lower liver weight/total body weight ratios
(0.04 6 0.00 versus 0.05 6 0.00 in fed mice, P ¼
0.05; Fig. 4B). Ad libitum fed mice did not eat much
during the first days after one-third PH, whereas
fasted mice with or without one-third PH started eat-
ing rapidly when they regained access to food. On
postresection day 5, remnant livers from fasted mice
with or without one-third PH were significantly heav-
ier than the baseline values (fasting and one-third PH,
P ¼ 0.03; fasting without PH, P ¼ 0.03), whereas the
liver weight of fed mice was significantly lower after

one-third PH (P ¼ 0.03 versus the baseline). Remnant
livers of fasted mice with or without one-third PH
were significantly heavier versus fed mice after one-
third PH on postresection day 5 (fasting and one-third
PH, P ¼ 0.02 versus fed mice; fasting without PH, P
¼ 0.01 versus fed mice; Fig. 4C). Fasted mice had sig-
nificantly higher liver weight/total body weight ratios
on postresection day 5 [fasting and one-third PH, 0.06
6 0.00, P ¼ 0.01 versus fed mice (0.04 6 0.00); fast-
ing without PH, 0.07 6 0.00, P ¼ 0.02 versus fed
mice; Fig. 4D]. However, after a correction for the
increase in the liver weight after fasting and 5 days of
refeeding, no difference in the relative liver weight was
observed between the fasted and fed groups on post-
operative day 5 (Fig. 4E). We next investigated

Figure 2. Inflammatory response. (A) Six hours after reperfusion, significantly fewer superoxide radicals were detected in livers from
preoperatively fasted mice. (B) Less lipid peroxidation was found in livers from preoperatively fasted mice 24 hours after reperfusion.
(C) Hepatic p-selectin and IL-6 mRNA expression levels were significantly lower in livers from preoperatively fasted mice. The data have
been normalized for beta-2-microglobulin and are expressed relative to preoperatively fed mice at the baseline. (D) Fewer neutrophils
were detected in livers from preoperatively fasted mice. The data are expressed as means and standard errors of the mean. *P < 0.05
versus preoperatively fed mice.
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hepatocyte proliferation with PCNA staining (Fig. 4F).
At the baseline, the PCNA index for livers from fasted
mice was 0.3% 6 0.3%, and the index for livers from
fed mice was 5.0% 62.5% (P was not significant). Af-
ter one-third PH, the PCNA index peaked at 48 hours
without a significant difference between the 2 groups
(22.5% 6 8.9% versus 34.2% 6 9.7% in fed mice).
Because one-third PH is a minor challenge that may
not induce the full regenerative response,21 we next
investigated the effect of 3 days of fasting on regener-
ation after major liver resection. The removal of two-
thirds of the liver resulted in similar PCNA indices for
the remnant livers of the 2 groups 24 hours after
resection (fed mice, 8.2% 6 3.1%; fasted mice, 6.0%
6 4.8%) versus the remnant livers of these groups af-
ter one-third PH (fed mice, 9.5% 6 4.2%; fasted mice,

12.5% 6 8.0%; Fig. 4F). However, at 48 hours, a lower
PCNA index was found in livers from fasted mice
(10.7% 6 5.8%) versus livers from fed mice (22.6% 6
6.7%) or mice after one-third PH.

Fasting Differentially Affected Cytokine and

Growth Factor Expression After PH

Because liver regeneration is initiated by the expres-
sion of genes involved in hepatic growth and prolifera-
tion, such as tumor necrosis factor a (TNF-a)22 and
IL-6,23 we investigated the effects of preoperative fast-
ing on these markers with quantitative RT-PCR. At
the baseline TNF-a expression was significantly lower
in livers from fasted mice (0.4 6 0.1 versus 1.1 6 0.2
in fed mice, P ¼ 0.03). Twenty-four hours after one-

Figure 3. Hepatic gene expression of the stress response genes HO-1 and Hsp70 and the antioxidant enzymes SOD2, Gpx1, GSR,
and SOD1. (A) In livers from preoperatively fasted mice, HO-1 levels were significantly up-regulated at the baseline with maximum
expression 6 hours after reperfusion. (B) Hsp70 levels peaked 6 hours after reperfusion in both groups. (C) SOD2, (D) Gpx1, and (E)
GSR expression levels were significantly up-regulated in livers from preoperatively fasted mice at the baseline and 6 hours after
reperfusion. (F) Six hours after reperfusion, SOD1 peaked in livers from preoperatively fasted mice. The data have been normalized for
beta-2-microglobulin and are expressed relative to preoperatively fed mice at the baseline. The data are expressed as means and
standard errors of the mean. **P < 0.01 and *P < 0.05 versus preoperatively fed mice.
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third PH, TNF-a expression significantly increased in
livers from fasted mice (8.6 6 2.1 versus 1.6 6 0.6 in
fed mice, P ¼0.009), before it returned toward baseline
values 48 hours after resection (Fig. 5A). Removal of
two-thirds of the liver slightly increased TNF-a expres-
sion in the livers of fasted mice at 24 hours (11.1 6
5.6), and the expression remained elevated 48 hours
after resection. Although TNF-a expression remained
unaffected in livers from fed mice after one-third PH, it
increased to an extent similar to that in livers from
fasted mice after two-thirds PH (Fig. 5A). Before PH, IL-
6 expression was significantly up-regulated in livers
from fasted mice (3.6 6 1.2 versus 1.1 6 0.2 in fed
mice, P ¼ 0.05), and it remained elevated until 24
hours after one-third PH (6.8 6 1.4 versus 1.6 6 0.1 in
fed mice, P ¼ 0.01); after that, the levels dropped by
48 hours; Fig. 5B). After one-third PH, IL-6 expression
remained unaffected in livers from fed mice, whereas
after two-thirds PH, its expression increased to an

extent similar to that in fasted mice after two-thirds
PH (Fig. 5B). Transforming growth factor b1 (TGF-b1)
is one of the factors involved in the termination
response of liver regeneration.24 Before PH, expression
levels were significantly up-regulated in fasted livers
(1.8 6 0.4 versus 1.0 6 0.1 in livers from fed mice, P ¼
0.02; Fig. 5C). After one-third PH, significantly higher
expression levels were found in livers from fasted mice
(24 hours, 3.0 times higher versus fed mice, P ¼ 0.009;
48 hours, 2.8 times higher versus fed mice, P ¼ 0.03),
whereas after two-thirds PH, no significant difference
was found between the 2 groups (Fig. 5C).

DISCUSSION

Long-term DR is associated with extended longevity
and improved stress resistance in multiple experimen-
tal models. We have shown recently that the beneficial
effects of DR are induced rapidly. Short-term DR and

Figure 4. Liver regeneration. (A) The liver and total body weights and (B) the liver weight/total body weight ratios were significantly
decreased in 3-day-fasted mice at the baseline. (C) Livers from preoperatively fasted mice with or without one-third PH were
significantly heavier on postoperative day 5. (D) On postresection day 5, the liver weight/total body weight ratios were significantly
increased in preoperatively fasted mice with or without one-third PH. (E) The relative liver weight on postoperative day 5 is expressed
as a percentage of the weight at the baseline (the ad libitum fed group) or as a percentage of the liver weight after 3 days of fasting and
5 days of refeeding without one-third PH (the fasted group) to compensate for the increase in the liver weight by fasting and refeeding
alone. No significant change in the relative liver weight was observed between the 2 groups. (F) Hepatocyte proliferation was assessed
with the PCNA index. Fasting did not affect the regenerative response after one-third hepatectomy. Forty-eight hours after resection,
the PCNA index was 47% lower in the fasted group after two-thirds hepatectomy versus one-third hepatectomy. The data are
expressed as means and standard errors of the mean. *P < 0.05 versus preoperatively fed mice.
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brief periods of fasting induce many of the transcrip-
tional changes observed after long-term DR, and both
protect against I/R injury.13 The objective of the pres-
ent study was to elucidate the mechanisms of protec-
tion induced by preoperative fasting. In addition, we
investigated the effect of preoperative fasting on liver
regeneration after PH. Fasting (for both 2 and 3 days)
offered significant protection against hepatic I/R–
induced hepatocellular injury. Moreover, we show that
the beneficial effects of 3 days of fasting are likely
achieved by the overexpression of genes encoding for
the antioxidant defense enzymes SOD2, Gpx1, and
GSR and the stress response gene HO-1 at the base-
line and by a more expeditious and pronounced
response after reperfusion. Finally, we show that pre-
operative fasting does not affect liver regeneration af-
ter one-third hepatectomy but compromises liver
regeneration and subsequent postoperative recovery
after two-thirds hepatectomy.

In agreement with previous studies,25-28 we found
that hepatic I/R resulted in increased superoxide rad-
ical formation, increased lipid peroxidation, up-regu-
lation of p-selectin and IL-6 mRNA expression levels,
and increased neutrophil infiltration. Although at the
baseline these markers were significantly elevated in
livers from fasted mice, 3 days of fasting significantly
reduced each of these inflammatory markers after
hepatic I/R.

HO-1 overexpression at the baseline and after
reperfusion is a critical factor in protection against
hepatic I/R injury. Up-regulation of HO-1 expression
after hepatic I/R has been shown to reduce graft
injury in liver transplant patients.29 In addition, phar-
macologically induced baseline HO-1 overexpression
decreases I/R-mediated hepatocellular injury in sev-
eral animal models. For example, pretreatment with
the HO-1 inducer cobalt protoporphyrin reduces
hepatocellular injury after reperfusion in rat and
mouse models.30-32 In contrast, inhibition of HO-1
expression in the liver at the baseline and after
reperfusion results in higher sALT levels, more hepa-
tocellular necrosis and apoptosis, higher neutrophil
numbers, and increased proinflammatory cytokine
synthesis.31 Our finding that 3 days of fasting
induced HO-1 and strongly increased its expression
after reperfusion indicates that HO-1 plays an impor-
tant role in the beneficial effects of preoperative
fasting.

Mitochondria are considered a major intracellular
source of reactive oxygen species generation during
hepatic I/R injury.17 To minimize oxidative stress,
these organelles contain a variety of antioxidant
enzymes, and some can translocate to the cytoplasm.
Overexpression of these enzymes protects I/R injury–
prone organs such as the liver and heart.33,34 We
have demonstrated that fasting for 3 days signifi-
cantly increases the expression of the antioxidants
SOD2, Gpx1, and GSR at the baseline and after
reperfusion. These data suggest that protection
against hepatic I/R injury by preoperative fasting is in
part mediated by increased resistance against

Figure 5. Growth factor kinetics after PH. (A) Hepatic mRNA
expression levels of TNF-a peaked 24 hours after one-third or two-
thirds PH in livers from preoperatively fasted mice. (B) IL-6 and (C)
TGF-b1 expression levels were already significantly up-regulated
at the baseline and remained so until 24 hours after one-third PH,
whereas these levels increased until 48 hours after two-thirds PH.
The data have been normalized for beta-2-microglobulin and are
expressed with respect to preoperatively fed mice at the baseline.
The data are expressed as means and standard errors of the mean.
*P < 0.05 and **P < 0.01 versus preoperatively fed mice.
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oxidative stress. In addition, the slight increase in IL-
6 and p-selectin expression at the baseline after 3
days of fasting points to the induction of a low-grade
inflammatory response by fasting. It is possible that
this low-grade inflammatory response contributes to
the induction of cytoprotective and antioxidant genes
and preconditions the liver to a stronger response
after injury.

Because I/R injury in the clinic occurs when the
liver needs to regenerate to maintain function, we
investigated the effects of preoperative fasting on liver
regeneration. Because hepatic ischemia impairs liver
regeneration after PH,35 we chose to study PH per se
without concomitant hepatic ischemia.

In accordance with previous observations,36,37 we
found a decrease in the liver weight after 3 days of
fasting. Five days after one-third PH, the livers of pre-
operatively fasted mice gained more weight than the
livers of fed mice. This increase could not be
explained by an increase in hepatocyte proliferation
because the PCNA index did not differ significantly in
the remnant livers of the 2 groups after resection. It
has been reported that fasting followed by refeeding
increases liver weight.38-40 In our hands, mice fasted
for 3 days and refed for 5 days had a liver weight/
total body weight ratio comparable to that of 3-day-
fasted mice 5 days after one-third PH. After a correc-
tion was made for the increase in the liver weight after
3 days of fasting and 5 days of refeeding, the liver
weights were similar in preoperatively fed mice and
fasted mice 5 days after one-third PH. These data
show that preoperative fasting does not affect liver
regeneration after one-third hepatectomy.

After one-third hepatectomy, TNF-a, IL-6, and TGF-
b1 showed a stronger and more expeditious response
in the livers of preoperatively fasted mice. This sug-
gests that to compensate for the hepatic injury caused
by fasting at the baseline, higher TNF-a and IL-6 lev-
els facilitate an enhanced regenerative response. This
is followed by an increase in TGF-b1 expression to
terminate this enhanced regeneration response. The
net result is a proliferative response that is similar to
the response in livers of fed mice.

Because one-third hepatectomy is a minor chal-
lenge21 and can easily be covered by the regenerative
capacity of the liver, we increased the resection volume
to two-thirds in order to test the regenerative capacity
of the fasted liver under more stressful conditions. We
found that 48 hours after resection, the PCNA index
was 47% lower in the preoperatively fasted group after
two-thirds hepatectomy versus one-third hepatectomy.
In addition, 2 days after two-thirds hepatectomy, these
mice showed signs of decreased well-being, such as
hunched posture and ruffled fur. This indicates that
although preoperative fasting protects against hepatic
I/R injury and has no effect on liver regeneration after
one-third hepatectomy, liver regeneration and subse-
quent postoperative recovery and well-being after
extended hepatectomy are compromised.

Two-thirds hepatectomy induced a stronger response
of TNF-a, IL-6, and TGF-b1 than one-third hepatec-

tomy. It has been shown that the preservation of glyco-
gen metabolism after hepatectomy is an important de-
terminant for animal survival.41 Depletion of the
glycogen stores by fasting and PH up-regulates the
expression of IL-6, which stimulates glycogenesis by
the liver.42 Because two-thirds PH depletes liver glyco-
gen stores more severely than one-third PH, it may be
that the balance between the functions of IL-6 in prolif-
eration and inflammation shifts toward an inflamma-
tory-mediated response in fasted mice after an
extended liver resection but not after a minor resection.
Thus, the decrease in well-being, the decrease in prolif-
eration, and the high IL-6 levels 48 hours after two-
thirds hepatectomy collectively suggest that preopera-
tive fasting prevents adequate liver regeneration after
major liver resection.

In conclusion, this study shows that preoperative
fasting ameliorates hepatic I/R injury via up-regula-
tion of baseline levels of the antioxidant enzymes
SOD2, Gpx1, and GSR and the stress response gene
HO-1 and via a more expeditious and pronounced
response of these genes after I/R injury. The baseline
up-regulation of IL-6 and TGF-b1 suggests that preop-
erative fasting acts as a low-level stressor and precon-
ditions the liver for other types of stress such as he-
patic I/R injury. Preoperative fasting is a new and
promising noninvasive strategy for protecting the liver
against the detrimental effects of hepatic I/R injury
during liver transplantation and minor liver resec-
tions, although its effect on extended hepatectomy
warrants further exploration.
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