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General introduction and aims and outline of the thesis

General introduction

Organ transplantation and ischemia/reperfusion injury

Organtransplantationis considered to be one of the greatestachievementsin modern medicine
during the last decades. Improvements in tissue typing for the human leukocyte antigens
(HLA) class Il antigens, organ preservation, surgery, and the use of immunosuppressive drugs
made organ transplantation the treatment of choice for patients with end-stage organ failure.’

The success of organ transplantation has led to a marked increase in the number of
transplantations. However, with only a limited number of transplantable organs available from
living donors,? the demand for donor organs has far exceeded the supply. To expand the organ
donor pool, the transplant community searched for alternatives e.g. through the use of donors
after cardiac death.? Organs donated after cardiac death are considered less than optimal. The
extended time from the termination of the circulation, to the actual moment of death, to organ
recovery, and, finally, to the initiation of perfusion with cold preservation solutions*“ reduces
the quality of the graft by the initiation of irreversible ischemia/reperfusion (I/R) injury.

I/R injury is a complex phenomenon which is initiated by the insufficient supply of
oxygenated blood to the organs (ischemia), followed by the re-initiation of oxygenated blood
flow (reperfusion). The reduction in the energy source adenosine triphosphate (ATP) is
thought to be one of the earliest consequences of ischemia.> ATP depletion compromises
ATP-dependent processes including the activity of ATP-driven membrane pumps that normally
maintain ion homeostasis by the generation of electrochemical gradients.c In turn, uncontrolled
calcium fluxes enter the cell upon reperfusion,” and this ultimately results in cellular death.®
Furthermore, the hydrolysis of ATP by ATP synthase (complex V of the mitochondrial oxidative
phosphorylation [OXPHOS] system)? during ischemia may lead to the generation of reactive
oxygen species (ROS) by the enzyme xanthine oxidase at the early reperfusion phase.'
Alterations in the enzymatic activity of complexes | and Ill of the mitochondrial OXPHOS
system by ischemia can result also in enhanced ROS formation upon reperfusion.''* Excessive
generation of ROS to levels above the normal scavenging capacity of the antioxidant defense
systems' '® induces oxidative damage to local macromolecules such as lipids, proteins'® and
DNA."” Accordingly, these oxidative modifications result in cellular pathology and eventually
cell death.

During the late reperfusion phase, the production of pro-inflammatory cytokines, such
as interleukin-6 and the expression of adhesion molecules such as P-selectin, facilitate the
infiltration of neutrophils.’ Neutrophils are another potential source for ROS generation. The
influx of these cells during the late reperfusion phase exacerbates the tissue injury after the
ischemic insult.”

Taken together, the damaging mechanisms of I/R result in profound tissue injury of the
graft after transplantation, which can severely impair organ function. I/R injury during organ
transplantation is considered to be a risk factor for the development of primary, or delayed
non-function of the graft.* 222 In addition, graft dysfunction following organ transplantation
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is associated with decreased graft and patient survival, and acute transplant rejection.2% 224
Many studies have searched for means to reduce I/R injury, and identified a number of
preventative mechanisms. For example, brief non-lethal periods of I/R, known as ischemic
preconditioning (IPC), has been shown to protect organs from subsequent prolonged
periods of I/R in several animal species,>?” as well as in humans.?® 2 Conversely, other studies
demonstrated that IPC fails to induce protection against I/R injury.®* 3! Pharmacological
preconditioning is another preventative mechanism that can induce protection against I/R
injury in several animal models.?*** Results obtained from clinical trials, however, often fail to
show a significant beneficial effect by pharmacological compounds that induce protection
against I/R injury in laboratory animal models>> Since the treatment of I/R injury is still
unsatisfactory, new therapeutic interventions to reduce or prevent I/R injury remain warranted.

Genetic preconditioning

Oxidative damage to DNA is an unavoidable consequence of ROS generated by normal
cellular metabolism.*® Such damage is thought to underlie normal aging.*”- *® The relevance
of oxidative modifications is illustrated by the conservation of elaborate intracellular defense
mechanisms against ROS, including antioxidant enzymes.'*'> When DNA damage does occur,
a number of mechanisms are available for repair.

Nucleotide excision repair (NER) is one of the most versatile repair mechanisms due to
its ability to eliminate a broad spectrum of structurally unrelated lesions, including oxidative
damage, by removing damaged nucleotides, and filling the gap with newly synthesized
nucleotides.*® The NER mechanism can be subdivided in 2 different sub-pathways: global-
genome nucleotide excision repair (GG-NER; removes lesions from the entire genome), and
transcription-coupled nucleotide excision repair (TC-NER; repairs lesions from the transcribed
DNA strand).

A deficiency in one of the 2 sub-pathways of NER can lead to a variety of diseases of which
some are characterized by symptoms of premature aging. For example, a mutation in the CSB
generesults in a defective TC-NER mechanism. Humans carrying this mutated CSBgene develop
Cockayne syndrome (CS); a photosensitive autosomal recessive disorder with characteristics
of premature aging such as neurodegeneration, hearing loss, thin hear, and thin skin.®>*' In
support of oxidative stress hypersensitivity in the etiology of CS, an increase in photoreceptor
cell loss following whole-body ionizing radiation was observed in both CSA” and CSB” mice.*?
Thus, at least particular CS cell types appear hypersensitive to the effects of oxidative DNA
damage.

Evidence of a beneficial adaptive response predicted to be protective against oxidative
stress has been reported in short-lived NER-deficient mice. In addition to cerebellar ataxia and
reduced lifespan, phenotypes of these mice include reduced body weight, body temperature,
blood glucose and serum insulin-like growth factor-1 (IGF-1).%% These latter physiological
attributes are usually associated with extended longevity and enhanced resistance to stress,
as in endocrine-deficient dwarf mice.* For example, hypopituitary Ames and Snell dwarf mice
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have a lifespan significantly longer than their control littermates and are more resistant to
acute oxidative stress, such as that induced by paraquat injection.*

Although the underlying mechanisms of protection from acute stress and extended
longevity are unknown, they correlate with alterations in glucose metabolism including
improved insulin sensitivity, and up-regulation of antioxidant enzyme defense mechanisms.
This can be interpreted as an adaptive response to unrepaired endogenous DNA damage
engaged to protect from further oxidative stress injury. One important prediction of this
interpretation is that a TC-NER deficiency in a mouse model of CS genetically preconditions
these mice, thereby increasing their resistance to acute oxidative stress, such as the stress
caused by I/R. When a defective TC-NER mechanism indeed is associated with acute oxidative
stress resistance, further elucidation of the underlying mechanisms may allow translation of
these benefits to the clinic.

Nutritional preconditioning

Dietary restriction (DR) is the reduction of food intake while maintaining adequate nutrition.
Life-long DR is considered to be the only non-invasive intervention that prolongs lifespan in
a variety of organisms such as yeasts, worms, fruit flies, mice, and rats.* It is likely that these
observations bear significance to humans since human volunteers on a low-calorie diet show
alterations in their physiological and biochemical parameters that resemble those of food
restricted laboratory animals.®® *° The fact that life-long DR increases the lifespan of a given
species indicates that it slows down the aging process.

In 1956, Harman proposed a theory of aging, based on the recognition that metabolic use
of oxygen is a major source of ROS.*® Oxidative damage to cellular macromolecules including
DNA, proteins, and lipids, is now accepted as a primary basis for aging.?” 3¢ The attenuation
of such oxidative damage by DR may be due either to a decreased rate of mitochondrial ROS
production, an increased protection against oxidative stress, or an improved repair of oxidative
damage. Many studies have shown that DR increases the activity of ROS scavenging enzymes
such as catalase and superoxide dismutase.*>*' Moreover, it has been shown that long-term DR
induces the ability of mitochondria to consume less oxygen and produce less ROS, while at the
same time maintain their ATP production.®? This indicates that DR improves the bioenergetic
efficiency of mitochondria and the ability to repair oxidatively damaged DNA,> two factors
which may be critical in lifespan extension.

A pathway critically involved in lifespan extension of all animal species that have been
studied is the insulin/IGF-1 pathway. DR decreases both glucose and insulin and IGF-1 plasma
levels throughout life.>* >> By maintaining low plasma insulin levels, DR effectively reduces
insulin/IGF-1 signaling. The importance of insulin/IGF-1 signaling is shown by the fact that
loss-of-function mutations of the insulin/IGF-1 system results in lifespan extension in worms,*®
and fruit flies.”” Mice with a selective disruption of individual components of the growth
hormone/IGF-1 axis, including growth hormone-deficient mice*® and IGF-1 receptor-deficient
mice,*®also display an increase in lifespan.
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It has been shown that embryonic fibroblasts isolated from IGF-1 receptor deficient
heterozygous female mice are more resistant to H,0, and paraquat toxicity than fibroblasts
isolated from wild-type mice.®® Livers from growth hormone-deficient mice contain elevated
antioxidant enzyme levels, which are suppressed by exposure to growth hormone or IGF-1.%8
These findings,among others that have been documented, provide evidence that areductionin
insulin/IGF-1 signaling induces a beneficial adaptive response to oxidative stress. This adaptive
stress response may not be limited to lifespan extension, but may occur also in response to the
acute oxidative stress after I/R. In fact, preoperative pharmacological inhibition of rat sarcoma
(ras), a protein functioning downstream of the insulin and IGF-1 receptors, with chaetomellic
acid A, reduces an ischemic insult after renal I/R in uninephrectomised rats.®'

Taken together, these findings suggest a common mechanistic basis between lifespan
extension by DR and I/R injury, since both show enhanced resistance to oxidative stress
mediated by downregulation of the insulin/IGF-1 signaling pathway. In addition, long-term
DR has been shown to reduce focal ischemic brain damage® and myocardial oxidative stress®
in rats. Whether DR is also able to reduce an ischemic insult to the kidney or liver is not
known. Moreover, the length of time required to achieve such beneficial effects, as well as its
application to short-term, clinically relevant endpoints remain largely unexplored.
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Aims and outline of the thesis

The studies reported in this thesis describe two novel treatments to ameliorate I/R injury:
genetic and nutritional preconditioning.

In chapter 2, we tested the hypothesis that a TC-NER deficiency in mouse models of
Cockayne syndrome results in increased resistance to the acute oxidative stress following
renal I/R injury. In addition, attempts were made to characterize the mechanism of protection
by genetic preconditioning against renal I/R injury. In chapter 3, the effect and the kinetics
of nutritional preconditioning on acute oxidative stress resistance were investigated in male
C57BL/6 mice which either were restricted in their daily food intake (30% dietary restriction) for
2 or 4 weeks or fasted for 1, 2 or 3 days before their kidneys were subjected to renal I/R injury.
In addition, by fasting mice for 1 to 3 days before induction of hepatic I/R injury, we studied
the effects of nutritional preconditioning on the liver. To unravel the protective mechanism of
nutritional preconditioning, we compared the transcriptional profiles of kidneys from 4-week
30% dietary restricted mice and 3-day fasted mice with those of ad libitum fed control mice
at baseline (= before induction of renal I/R injury). In chapter 4, we investigated whether
the protection against renal I/R injury by three days of fasting was mediated by preoperative
changes in mitochondrial function. We studied the number of mitochondria, mitochondrial
OXPHOS enzyme activity, mitochondrial respiration, mitochondrial permeability transition
pore opening and voltage-dependent anion channel protein expression. In chapter 5, we
investigated whether preoperative ingestion of a glucose solution during a 3-day fasting
regimen interfered with fasting-induced protection against renal I/R injury, in order to allow
a possible translation of the least intrusive form of food restriction to the clinic. In chapter
6, we aimed to study the effect of individual dietary nutrients in protection against renal I/R
injury in mice by feeding these animals diets deficient in a specific dietary macro or micro-
nutrient. A review of the literature on nutritional interventions in acute stress resistance of the
liver in the clinical and animal experimental settings is described in chapter 7. In chapter 8,
we investigated the mechanism of protection induced by three days of preoperative fasting
on I/Rinjury of the liver, and determined its effect on liver regeneration after one-third or two-
thirds partial hepatectomy. In chapter 9, a summary and discussion of the results of this thesis
is presented and suggestions are made for future research.
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Chapter 2

Abstract

Cockayne syndrome and other segmental progerias with inborn defect in DNA repair
mechanisms are thought to be due in part to hypersensitivity to endogenous oxidative
damage. The accelerated aging-like symptoms of this disorder include dysmyelination within
the central nervous system, progressive sensineuronal hearing loss and retinal degeneration.
We tested the effects of congenital nucleotide excision DNA repair deficiency on acute oxidative
stress sensitivity in vivo. Surprisingly, we found mouse models of Cockayne syndrome less
susceptible than wild-type animals to surgically induced renal ischemia/reperfusion injury, a
multifactorial injury mediated in part by oxidative damage. Renal failure-related mortality was
significantly reduced in CSB” mice, kidney function was improved and proliferation was
significantly higher in the regenerative phase following ischemic injury. Protection from
ischemic damage correlated with improved baseline glucose tolerance and insulin sensitivity
and a reduced inflammatory response following injury. Protection was further associated with
genetic ablation of a different Cockayne syndrome-associated gene, CSA. Our data provide the
first functional in vivo evidence that congenital DNA repair deficiency can induce protection
from acute stress in at least one organ. This suggests that while specific types of unrepaired
endogenous DNA damage may lead to detrimental effects in certain tissues, they may at
the same time elicit beneficial adaptive changes in others and thus contribute to the tissue
specificity of disease symptoms.
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Acute stress protection in segmental progeria
Introduction

The case for the involvement of oxidative damage to macromolecules in the etiology of
aging, aging-related disorders and so-called ‘premature aging’ disorders (here referred to as
segmental progerias) is compelling. The free radical theory as originally proposed by Harman'
and extended in recent years,? posits that reactive oxygen species (ROS), by-products
of endogenous cellular metabolism, inflict damage on lipids, protein and DNA. Despite
defense systems to prevent or repair such damage, oxidized macromolecules accumulate
over time in vivo and are thought to underlie both normal and pathological aging. When
combined with congenital defects in certain of these defense systems, for example, genome
stability mechanisms, endogenous oxidative damage may also contribute to the symptoms of
segmental progerias, which display some but not all of the characteristics of normal aging in
accelerated or exacerbated forms.?

Nucleotide excision DNA repair (NER) is one such defense system that removes a range
of damages, including helix distorting lesions induced either by exogenous ultraviolet
radiation (e.g. pyrimidine dimers) or endogenous oxidative radicals (e.g. cyclopurines).* Two
basic modes of lesion recognition have been defined. In the first, lesions occurring anywhere
in the genome are recognized by damage-binding proteins such as the XPC-HR23A/B-CEN1
complex. This triggers the assembly of the multiprotein NER machinery, which functions via
a cut and patch mechanism to remove the damage and fill the remaining single-strand gap.®
In the second mode of recognition, transcription-coupled (TC)-NER, lesions that block an
elongating RNA polymerase trigger assembly of the NER machinery in a process that depends
on the chromatin remodelling protein CSB,® and a ubiquitin ligase complex containing the
TC-NER specific protein CSA.”8

Defects in the CSA or CSB gene can give rise to Cockayne syndrome, a severe neuro-
developmental disease marked by photosensitivity (but curiously without skin cancer pre-
disposition), dysmyelination within the central nervous system, progressive sensineuronal
hearing loss, retinal degeneration and cachectic dwarfism resulting in an aged appearance.’
Mouse models lacking CSA or CSB function recapitulate some progeroid characteristics of the
human disease, including cachexia and progressive loss of photoreceptor cells, but with
a normal lifespan and an overall milder phenotype than in humans.''? In support of the
role of oxidative stress hypersensitivity in Cockayne syndrome etiology, an increase in
photoreceptor cell loss following whole-body ionizing radiation was observed in both CSA”
and CSB” mice.” Thus, at least particular CS cell types appear hypersensitive to the effects of
oxidative DNA damage, a property that may underlie tissue-specific disease phenotypes.

Contrary to the notion of hypersensitivity to oxidative stress in Cockayne syndrome is the
observation that mouse models of Cockayne syndrome and related NER-deficient segmental
progerias (NER progerias) display characteristics of hypopituitary dwarf mutants or dietary
restricted wild-type mice."*'® In dwarf and dietary restricted mice, these phenotypes, including
reduced body weight and temperature, hypoglycemia, hypoinsulinemia and reduced serum
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IGF-1, are correlated not only with extended longevity but also with resistance to acute
oxidative stress.” In progeroid NER mice, these phenotypes have been interpreted as an
adaptive response to unrepaired endogenous DNA damage engaged to protect from further
oxidative stress injury.?’ One important prediction of this interpretation is that these mice
should be resistant rather than hypersensitive to acute oxidative stress.

Ischemia/reperfusion (I/R) injury is a complex insult initiated by loss of blood to an organ.
During the ischemic period, the lack of molecular oxygen as an electron acceptor in oxidative
phosphorylation prevents ATP generation and compromises processes with high energy
demand, such as maintenance of ion gradients across intracellular membranes. Reinitiation of
oxygenated blood flow, or reperfusion, results in inappropriate activation of cellular oxidases
and ROS generation, which can affect not only the reperfused organ but distant sites in the
body as well.?' Following reperfusion, a maladaptive inflammatory response mediated in part
by the release of ROS from neutrophils infiltrating the tissue causes further injury.?2 In the
kidney, I/R injury is associated with cell death primarily in the stripe between the cortex and
medulla consisting mainly of tubular epithelial cells via necrosis or apoptosis, depending
on the severity of the insult.® Recovery and a return to proper kidney function depends on
regeneration of the tubular epithelial cells and remodeling of the renal tubules, a process
which takes place in the days and weeks following the injury.

We used surgically induced renal I/R injury to test whether mouse models of Cockayne
syndrome are susceptible to acute oxidative stress, as predicted by photoreceptor sensitivity
to ionizing radiation, or protected from it, as predicted by physiological similarities between
other short-lived progeroid NER mice and long-lived, stress resistant mice. Here, we report
resistance to renal I/R injury in mouse models of Cockayne syndrome.

Materials and Methods

Animals

Mice were allowed free access to food and water throughout the experiments. All experiments
were performed with the approval of the appropriate ethical board. Male CSB”'° and CSA”""
mice in a C57BL/6 background were bred at the animal facility of the Erasmus Medical Center;
C57BL/6J mice were purchased from Harlan, Horst, the Netherlands.

Ischemia model

Mice between 12 and 16 weeks of age were anesthetized by isoflurane inhalation. Following
a midline abdominal incision, a non-traumatic microvascular clamp was used to occlude the
left kidney for 25 or 37 minutes. After the release of the clamp, a contralateral nephrectomy
was performed.
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Kidney functional measurements

Blood samples were collected by retro-orbital puncture. Serum urea and creatinine levels were
measured using QuantiChrom assay kits based on the improved Jung and Jaffe methods,
respectively (DIUR-500 and DICT-500, Gentaur, Brussels, Belgium) according to manufacturer’s
instructions, or were determined using an ELAN analyzer (Eppendorf Merck, Hamburg,
Germany) with Ecoline S+ reagents (Diagnostic Systems GmbH, Holzheim, Germany) according
to manufacturer’s instructions.

Histology

Kidneys were harvested, bisected longitudinally, fixed for 24 hours in formalin and embedded
in paraffin. Three-micrometer sections were stained with Hematoxylin and Eosin (H&E),
modified Jones staining or periodic acid Schiff (PAS). Immunohistochemistry was performed
on deparaffinized sections following antigen retrieval in boiling 10 mM sodium citrate.

mRNA expression analysis

Total RNA was extracted from frozen kidney using TRIzol reagent (Invitrogen, Breda, the
Netherlands) and oligodT or hexamer-primed cDNA synthesized using SuperScript Il
(Invitrogen, Breda, the Netherlands) according to manufacturer’s instructions. Quantitative
real-time PCR was performed using an Opticon2 DNA Engine (MJ Research, Waltham, MA, USA)
or a MylQ (Bio-Rad B.V., Veenendaal, the Netherlands) with SYBR Green incorporation. Each
sample was tested in duplo at least two times.

Glucose tolerance and insulin sensitivity tests

Mice were fasted overnight prior to testing. Following baseline blood glucose determination
from tail blood of conscious, restrained mice, animals were injected with a bolus of glucose
(1.5 mg glucose/gram body weight) or insulin (0.75 U kg body weight) into the intraperitoneal
cavity. Blood glucose determinations were performed at the indicated times following injection
using a HemoCue glucose 201 RT blood glucose analyzer (HemoCue, Angelholm, Sweden).

Statistics

The data are expressed as means + SEM. Statistical analyses of data on urea, creatinine, histo-
morphology, immunohistochemistry and immunoblot were preformed using Student’s t-test.
Survival was analysed by Log-rank test (SPSSv11).

Results

Warm ischemia was induced in the left kidney of male wild-type and CSB” (subsequently
reffered to as WT and CSB, respectively) mice for 37 minutes by clamping the renal artery and
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vein with a non-traumatic surgical clamp. The 37-minute time point was chosen based on the
results of preliminary experiments in which ischemia times were titrated between 30 and 45
minutes. Following clamp release, the undamaged right kidney was removed so that animal
survival depended on the function of the damaged kidney; mice entirely lacking kidney
function build up toxic compounds in their blood and die within 2-4 days. Survival of CSB
mice was significantly higher than that of WT mice (Figure 1A). On postoperative day (POD) 7,
survival was 56% in the CSB group but only 30% in the WT group (P < 0.0033).

Kidney function was determined by measuring the concentrations of urea and creatinine
in the serum. High levels of these waste products indicate an inability of the kidneys to
remove them from the blood and thus correlate inversely with kidney function. Interestingly,
preoperative serum urea and creatinine values were slightly, but significantly lower in CSB
mice (urea 8.5 £ 1.3 vs. 9.7 £ 1.2 mmol/L in WT mice, P = 0.0007; creatinine 95 + 17 vs. 122 + 34
pmol/Lin WT mice, P =0.002; Figures 1B-C). Following I/R injury, these markers of kidney injury
rose with similar kinetics, suggesting maximal dysfunction on POD 2 and a return to function
beginning on POD 3. However, average values were significantly lower in CSB animals on POD
1 for urea and on PODs 1 and 2 for creatinine (Figures 1B-C), consistent with better survival in
the CSB group.
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Figure 1. CSB mice are better protected against warm renal I/R injury than wild-type (WT) mice. (A) Kaplan
Meier survival curves of CSB (n = 24) and WT (n = 40) animals; a log-rank score of P < 0.0033 indicates a highly
significant difference between the genotypes. (B-C) Kidney function following I/R injury as determined by serum
levels of (B) urea and (C) creatinine. The data are expressed as means + SEM. *P < 0.05, **P < 0.01 vs. WT mice at
the indicated time point. Groups receiving a mock treatment that did not involve ischemia are indicated.

We next analyzed cell death at various time points after the injury to look for differences that
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could explain the observed survival and functional benefits in CSB animals vs. WT controls. We
used histology to score for acute tubular necrosis, the major form of cell death due to this type
of injury (Figure 2A). In both groups, acute tubular necrosis peaked on POD 2; in the CSB group,
average total cell death was lower at all time points, reaching statistical significance on PODs
1 and 2. The high mortality due to kidney dysfunction in the WT group prevented meaningful
comparisons beyond POD 3.

Following cell death and clearance of cellular debris by shedding into the lumen of the
tubules, kidneys damaged by I/R injury may undergo a regenerative phase in which cellular
proliferation can be observed. Since the survival benefit of the CSB mice was likely only partially
explained by the lower cell death on PODs 1 and 2, we next asked whether regeneration of
the kidney was enhanced. We used three different assays to gauge this parameter: histology,
or the presence of mitotic figures in H&E stained sections; immunohistochemistry against
the proliferating cell nuclear antigen (PCNA); and PCNA immunoblotting of total kidney
homogenates to assess total levels of this protein. In both groups, mitotic figures were first
seen on POD 3, with significantly higher scores in CSB mice (P = 0.025; Figure 2B). We next
looked at PCNA on the single-cell level by immunohistochemistry. The number of PCNA
positive cells was significantly increased in the CSB group on POD 1 (P = 0.035; Figure 2C),
possibly indicative of its additional role in DNA repair. We further analyzed PCNA levels in total

A B

IS
=
o

|4 ) * mmwT
@ csB @ csB

-
o

cell death
(arbitrary units)
N
*

*
regeneration
(arbitrary units)
o
o

=)
b
o

0 1 2 3 0 1 2 3
time (days) time (days)

60:

@
=]

| wT | wT
@ csB * @ csB

-]
o

40

20

(arbitrary units)
N B
o o

PCNA
(positive cells / field)
PCNA protein

o
o

1 2 3 0 1 2 3
time (days) time (days)

Figure 2. Cell loss and regeneration following 37 minutes of warm renal I/R injury. (A) Cell death as determined
by H&E-stained paraffin sections on the indicated day following I/R. Day 0 kidneys were contralateral kidneys
harvested immediately after clamp release. (B) Regeneration as determined by mitotic index in H&E stained
sections. (C) Relative number of cells expressing PCNA as determined by IHC. (D) Total PCNA protein level as
determined by immunoblotting on the indicated days following I/R injury. The data are expressed as means *
SEM. *P < 0.05, **P < 0.01 vs. WT at the indicated time point.
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kidney homogenates by immunoblot. Although preoperative PCNA levels were similar
between groups, significantly higher levels of PCNA were observed on POD 3 in the CSB group
(P =0.042; Figure 2D). Taken together, these results are consistent with enhanced proliferation
leading to better regeneration and survival in CSB vs. WT animals.

Previously, it was reported that wild-type C57BL/6 mice subjected to 30-50 minutes of
warm ischemia to one kidney followed by contralateral nephrectomy had a 1-week survival
of approximately 80%, with no statistically significant differences between ischemia times.**
We consistently found mortality of approximately 70% due to kidney failure following 30-37
minutes of warm ischemia (Figure 1A and data not shown), making it difficult to study the
course of organ recovery beyond POD3. To circumvent this problem, we repeated our
experiments in WT and CSB mice using 25 minutes of warm renal ischemia. With this amount of
ischemic damage, survival was 100% in both WT and CSB groups (data not shown). However,
25 minutes of ischemia resulted in significantly less kidney dysfunction in mice lacking the CSB
protein relative to WT controls at all time points following ischemic damage as measured by
serum urea (Figure 3A, left). A similar trend was seen for serum creatinine (Figure 3A, right).

Analysis of total cell death by histology revealed a significant elevation above
preoperative values in CSB and WT (although less than after 37 minutes of warm ischemia)
on all PODs examined, but no significant differences between genotypes (data not shown).
Despite similar low amounts of cell death between groups, we observed large differences in
proliferation following 25 minutes of warm renal ischemia. As with 37 minutes of ischemia,
proliferation was elevated in CSB vs. WT mice. Regeneration scored by mitotic figures in
histological sections was first seen in wild-type mice on POD 3, while regeneration was
already significantly elevated relative to baseline in CSB mice on PODs 2 and 3 (P = 0.035 and
P = 0.021, respectively; Figure 3B). The number of PCNA positive cells on PODs 1 and 2 was
also significantly increased in the CSB group (P = 0.005 and P = 0.002, respectively; Figure 3C).
Because PCNA is involved in DNA repair as well as proliferation, we stained sections for an
additional proliferative marker, Ki-67, which is expressed during all active phases of the cell
cycle (G1, S, G2 and mitosis) but is absent from resting cells (G0).% Ki-67 positive cells were also
increased in CSB mice, with a maximum on POD 2 (P = 0.016; Figure 3D).

The cyclin-dependent kinase inhibitor p21, which binds stoichiometrically to PCNA and
inhibits its action in DNA replication, is a key regulator of proliferation following renal
ischemic injury. Mice lacking p21 display hyperproliferation and greatly reduced survival.**
We tested p21 protein levels by immunohistochemistry (Figure 3E). Consistent with increased
proliferation in CSB relative to wild-type on PODs 1 and 2, the number of p21 positive cells
was significantly reduced in CSB mice (POD 2, P = 0.016). Interestingly, p21 staining was equal
in wild-type and CSB on POD3, coincident with a decline in the first wave of proliferation
following injury.

We next turned to potential mechanisms of protection against renal I/R injury specific to
CSB animals. Addition of antioxidants is a proven way to ameliorate the effects of this injury.?®:
Furthermore, antioxidant capacity is increased in multiple organs in both genetic dwarfism
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Figure 3. Kidney function, cell death and regeneration following 25 minutes of warm renal I/R injury in CSB
and WT animals. (A) Kidney function of the indicated genotypes following I/R injury or mock treatment as
determined by concentration of serum urea (left) or creatinine (right). The data are expressed as means + SEM.
*P < 0.05, **P < 0.01 vs. WT mice on the indicated day. (B-E) Regeneration as indicated by (B) mitotic figures in
H&E stained sections and (C) immunohistochemistry against PCNA, (D) Ki67, and (E) p21. The data are expressed
as means + SEM. *P < 0.05, **P < 0.01 vs. WT mice at the indicated time point.

and dietary restriction, a property thought to contribute to stress resistance and increased
longevity in these mice.” We thus looked for evidence of increased antioxidant capacity on
the level of gene expression. We used quantitative real time-PCR (qRT-PCR) over a time course
before and after renal I/R injury to analyze antioxidant defense capabilities as represented by
the steady state levels of candidate mRNAs including superoxide dismutase 1, glutathione
reductase and heme oxygenase-1 (Figure 4A and data not shown). At baseline, steady state
amounts of these mRNAs were not significantly different between WT and CSB groups.
Similarly, over a 24-hour period following 25 or 37 minutes of warm renal ischemia, some of
these genes (e.g. heme oxygenase-1) were significantly up-regulated above baseline but none
were consistently, significantly differentially requlated between CSB and WT groups (Figure 4A
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and data not shown).

Another proven way to reduce the effects of I/R injury is to prevent the inflammatory
response that follows tissue injury, for example, by neutralization of cellular adhesion
molecules that serve to recruit neutrophils to the site of tissue injury by genetic or antibody-
based methods.?” We examined the expression of P-selectin and ICAM-1; endothelial
adhesion molecules that are up-regulated upon tissue injury and whose expression correlates
negatively with survival and functional outcomes. We observed a significant increase in both
markers following renal I/R injury above baseline levels; this increase, however, was less in the
CSB animals (Figure 4A). An area under the curve analysis revealed significant differences in
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Figure 4. Mechanisms of reduced susceptibility to renal I/R injury in CSB vs. WT mice. (A) Time course of heme
oxygenase-1 (HO-1; top), P-selectin (center) and ICAM-1 (bottom) mRNA expression as indicated in the kidney
following 37 minutes of renal I/R injury using qRT-PCR. Expression levels at all time points were set relative to
the WT group at t = 0 hours. The data are expressed as means + SEM. *P < 0.05 vs. WT mice at the indicated
time point. (B) Improved insulin sensitivity and glucose clearance in CSB vs. WT mice as indicated. Whole blood
glucose levels at the indicated time points following intraperitoneal injection of insulin (n = 11 WT, 7 CSB; top)
or glucose (n = 9 WT, 5 CSB; bottom) into overnight fasted animals. The data are expressed as means + SEM.
*P < 0.05, **P < 0.01 vs. WT mice at the indicated time point.
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expression of both P-selectin (P = 0.02) and ICAM-1 (P = 0.05) following renal I/R injury,
consistent with less damage subsequent to the reperfusion and a better outcome.

Finally, enhanced sensitivity to the effects of insulin on glucose metabolism is a property
shared by dwarf and dietary restricted mice that had been proposed to underlie longevity
benefits observed in these models.” We chose to analyze glucose metabolism by performing
both glucose tolerance and insulin sensitivity tests in overnight fasted CSB and WT mice. We
found a significant increase in the ability of CSB animals to clear glucose from the circulation in
response to a bolus injection of insulin or glucose, respectively (Figure 4B). It should be noted
that despite the slight but significant elevation of fasting glucose levels observed at baseline in
CSB animals subject to the glucose tolerance test, no significant difference was observed in the
insulin tolerance test between CSB and WT (P = 0.34) nor in the combined data set (P = 0.41).
This lack of a significant difference is consistent with previous reports of fed glucose levels of
single mutant CS and XPCS mice at postnatal day 15 prior to weaning, while in more severe
XPA-deficient double mutant animals hypoglycemia was observed.'® "7

Cockayne syndrome can also be caused by defects in the CSA gene. In mice, CSA™”
(subsequently referred to as CSA) mice are nearly indistinguishable from CSB mice."' We tested
the resistance of CSA mice to renal I/R injury and found evidence of protection against both
25 and 37 minutes warm ischemia in CSA mice vs. WT controls at the level of kidney function
(Figure 5A).

No sex bias has been previously reported for Cockayne syndrome? or for mouse models
of this disease. To see whether the protective effects we observed are specific to males, we
tested CSB females for resistance to 37 minutes of warm renal I/R injury. Female mice are in
general less susceptible to this injury than males,® and as expected we observed less evidence
of kidney dysfunction-related mortality following 37 minutes warm ischemia in females than
in males. However, CSB females displayed evidence of increased resistance to injury, including
significantly lower urea and creatinine in the serum 24 hours after reperfusion (Figure 5B).

Discussion

Although the genetic lesions causative of Cockayne syndrome are known, the molecular
defect(s) leading to the observed symptoms remains unclear. The prominent inability to repair
UV-induced DNA lesions in Cockayne cells from both man and mouse models has led to the
hypothesis that hypersensitivity to DNA damage, presumably oxidative in nature, is primarily
responsible for disease symptoms. Consistent with this, CSB mice are hypersensitive to the
effects of whole-body ionizing irradiation, a potent oxidative stress,® and both CSA and
CSB mice demonstrate an increase in photoreceptor cell loss following ionizing radiation.™
However, primary CSB cells™ as well as immortalized CSA cells* are not hypersensitive to
oxidative stress.

A number of recent reports have described overlap between short-lived segmental
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Figure 5. Protection from renal I/R injury correlates with genetic defects in TC-NER and extends to CSB females.
(A) Functional response of TC-NER deficient CSA vs. WT animals to 25 and 37 minutes of warm I/R injury accor-
ding to serum urea (left) and creatinine (right) values after I/R injury. The data are expressed as means + SEM.
*P < 0.05, **P < 0.01 vs. WT mice at the indicated time point. (B) Functional response of WT vs. CSB females to
37 minutes of warm renal I/R injury as measured by serum urea (left) and creatinine (right) values prior to and
24 hours after injury. The data are expressed as means + SEM. *P < 0.05 vs. WT mice at the indicated time point.

progeroid NER models and long-lived hypopituitary dwarfs or dietary restricted wild-type
mice on the level of physiology and gene expression.'*'”2° These phenotypes have been
interpreted as an adaptive response to genotoxic stress overlapping with the starvation
response. A previously untested prediction of this interpretation is increased resistance rather
than hypersensitivity to acute oxidative stress in these models.

Consistent with this prediction, we showed here that mouse models of Cockayne
syndrome deficient in either CSA or CSB are less susceptible to renal I/R injury than wild-type
mice. Susceptibility was measured in terms of animal survival, kidney function and histological
evidence of damage and organ regeneration. In all cases, CSB mice did significantly better than
WT mice. On the molecular level, we observed less up-regulation of the cell-cycle inhibitor p21
after injury in CSB mice, consistent with less damage and/or better proliferative potential. Up-
regulation of the inflammatory markers ICAM-1 and P-selectin were also significantly reduced
following injury in CSB mice, consistent with either reduced damage and/or a dampened
ability to mount an inflammatory response. Finally, improved glucose tolerance and insulin
sensitivity at baseline were observed in overnight fasted CSB animals relative to WT controls.
Taken together with previous studies demonstrating hypersensitivity to ionizing radiation in
certain tissues, these data suggest that hypersensitivity and resistance to oxidative stress can
coexist in the same animal, depending on the tissue or cell type involved.
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Although the mechanism of protection against acute stress in the long-lived dwarf or
dietary restricted models is not known, a number of plausible candidate mechanisms have
been identified. These include increased antioxidant capacity, reduced inflammation and
improved glucose homeostasis due to heightened insulin sensitivity.” The induction of
genes including heme oxygenase-1 upon ischemic injury demonstrated that the capacity of
CSB animals to mount a transcriptional response is normal, despite a defect in the repair of
RNA polymerase-stalling bulky DNA lesions. However, we did not observe any differences in
antioxidant capacity on the level of gene expression between WT and CSB mice. We did find a
difference in the up-regulation of two markers of inflammation, P-selectin and ICAM-1.Reduced
inflammation is associated with improved outcome following renal ischemia,? suggesting that
these differences may in part underlie the stress resistance observed in the CSB model.

Glucose tolerance and insulin sensitivity tests were both consistent with improved
response of CSB animals to the effects of insulin. Improved insulin sensitivity is associated
with extended longevity in various models, including genetic dwarfism and dietary restriction,
and is usually associated with reduced IGF-1 and improved glucose metabolism. How
improved insulin sensitivity might underlie protection from acute stress observed here, or
extended longevity observed in other models, remains unknown. As insulin and insulin-like
growth factor signaling are pro-survival, and growth factor delivery can improve outcome after
ischemic injury to other organs, including the brain,*' we speculate that increased sensitivity
to these growth factors may result in both better cell survival as well as improved proliferation
following I/R injury.

Which defective biochemical activity (or activities) of CSB is causative of disease
phenotypes, possibly including protection from renal ischemic insult? We speculate that a
defect in TC-NER is the likely culprit based on the following genetic argument. CSB and other
proteins implicated in Cockayne syndrome are multifunctional and have roles in various
cellular processes, defects in any of which could in principle give rise to disease symptoms.
Nonetheless the symptoms of Cockayne syndrome are remarkably similar regardless of the
underlying genetic lesion, particularly in mice including CSA, CSB, XPCS or TTD models in
an XPA deficient background, as well as in XPG, XPF and ERCC1 single mutant animals.?° We
speculate that this common phenotype likely stems from a defect in a shared process in which
each of these proteins participates directly. To date, the only common pathway in which each
of these multifunctional proteins has a direct role is TC-NER. It should be noted, however, that
the presumed unrepaired lesion or repair intermediate remains to be identified.

We propose a model in which a congenital DNA repair deficiency results in activation of
systemic protective mechanisms, including a reduced inflammatory response and improved
insulin sensitivity. These mechanisms would then lend resistance to certain forms of acute stress
in some tissues (renal I/R injury to the kidney, as shown here) but not others (ionizing radiation
in the photoreceptor layer of the eye).'* We can envision at least two distinct mechanisms by
which this organ/tissue specificity could occur. Based on the neuronal phenotypes in Cockayne
patients and mouse models, TC-NER deficiency could in principle result in neuronal deficiencies
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causing a state of real or perceived dietary restriction, for example, through defective
function of neurons involved in nutrient sensing, or neuronal control of the gut leading to
malabsorbtion. Extended periods of dietary restriction in wild-type mice have been shown to
protect against ischemic damage to organs, including the heart®? and the brain.® Alternately,
unrepaired TC-NER substrates in the genome may elicit an adaptive stress response similar
to dietary restriction but in the absence of reduced food intake. Consistent with this latter
interpretation is the adaptive response involving transient alterations in glucose homeostasis
and serum IGF-1 levels observed in a related TC-NER deficient mouse model during the
potentially stressful period of postnatal development.'®

Hormesis is a common biological phenomenon in which exposure to a low intensity
stressor induces a general adaptive response that has net beneficial effects on the cellular
and/or organismal level, including protection against subsequent, higher-dose exposures as
well as to different types of stress.3*3> Dietary restriction has been proposed to act as a mild
stressor that extends longevity through hormetic mechanisms.® 37 Interestingly, ischemic
preconditioning, a procedure used to protect against ischemic insult that entails brief period(s)
of ischemia prior to a longer ischemia time, is also thought to function via hormesis.>® Our
data suggest that specific types of unrepaired endogenous DNA lesions may also be hormetic
in nature. The interplay between tissue-specific sensitivities to endogenous DNA damage
and the resulting adaptive responses may underlie the complex phenotypes observed in
segmental disorders such as Cockayne syndrome. Having identified such unexpected benefits
associated with DNA repair deficiency, further elucidation of underlying mechanisms may
allow exploitation of the benefits without suffering the severe complications associated with
congenital DNA repair insufficiencies.
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Abstract

Dietary restriction (DR) extends lifespan and increases resistance to multiple forms of stress,
including ischemia/reperfusion injury to the brain and heart in rodents. While maximal effects
on lifespan require long-term restriction, the kinetics of onset of benefits against acute stress
is not known. Here, we show that 2-4 weeks of 30% DR improved survival and kidney function
following renal ischemia/reperfusion injury in mice. Brief periods of water-only fasting were
similarly effective at protecting against ischemic damage. Significant protection occurred
within 1 day, persisted for several days beyond the fasting period and extended to another
organ, the liver. Protection by both short-term DR and fasting correlated with improved insulin
sensitivity, increased expression of markers of antioxidant defense and reduced expression
of markers of inflammation and insulin/insulin-like growth factor-1 signaling. Unbiased
transcriptional profiling of kidneys from mice subject to short-term DR or fasting revealed a
significant enrichment of signature genes of long-term DR. These data demonstrate that brief
periods of reduced food intake, including short-term daily restriction and fasting, can increase
resistance to ischemia/reperfusion injury in rodents and suggest a rapid onset of benefits of
DR in mammals.
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Introduction

Dietary restriction (DR) encompasses a variety of interventions resulting in reduced nutrient
and energy intake without malnutrition. Dietary restriction is best known for its ability
to extend lifespan in a wide variety of organisms.”® Longevity effects were first reported
in rodents in 1935* and extended in subsequent decades to fish,® worms,® flies,” 8 yeast,® 1°
and nonhuman primates. Effects on human longevity are not known, but prospective studies
show a favorable impact on markers of aging and predictors of long-term health, including
improved cardiovascular fitness, body-mass index and insulin sensitivity.'>'

The kinetics of onset and loss of longevity benefits of DR are best understood in the fruit
fly Drosophila melanogaster. In young adult flies, maximal effects of DR on longevity, measured
as a function of daily mortality rate, are achieved within 1-3 days of switching from a normal to
a restricted diet and vice versa."” The use of daily mortality rate as an endpoint in young adult
rodents would require large numbers of animals because of low daily mortality rates and is
thus considered impractical.

In addition to extended lifespan, another common property of organisms on DR is
increased resistance to multiple forms of acute stress.’s ' In rodents, this includes resistance
to paraquat toxicity and ischemia/reperfusion (I/R) injury. Paraquat is a free radical generator
that primarily targets the lungs, and mice subject to ~5 or 8 months of 40% DR have a
significant survival advantage over ad libitum fed animals.’® ' I/R injury is initiated by a
lack of blood flow (ischemia) resulting in a state of tissue oxygen and nutrient deprivation
characterized chiefly by ATP depletion, loss of ion gradients across membranes and buildup
of toxic byproducts. Restoration of blood flow (reperfusion) causes further damage at first by
inappropriate activation of cellular oxidases and subsequently by inflammatory mediators in
response to tissue damage.’’ Rodents on a restricted diet for 3 months to 1 year have reduced
damage upon ischemic injury to the heart and brain in models of heart attack and stroke,
respectively.?’

The length of time on a restricted diet required for the onset of increased stress resistance
is not well characterized in any organism. Here, we examined the kinetics of onset and loss of
protection against renal and hepatic I/R injury in mice using brief periods of food restriction,
including 2-4 weeks of 30% reduced daily food availability (defined here as short-term DR) or
1-3 days of 100% restriction (water-only fasting).

Materials and Methods

Animals

Male C57BL/6 mice in the age/weight range of 10-14 weeks/22-25 grams were purchased
from Harlan, Horst, the Netherlands. Animals were kept under standard laboratory conditions
(temperature 20-24°C, relative humidity 50-60%, 12 hour light/12 hour dark) with 3-4 animals
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per cage and allowed free access to water and food (Special Diet Services, Witham, UK) except
where noted. All experiments were performed with the approval of the appropriate local
ethical board.

Dietary regimens

The amount of food eaten ad libitum was approximately 3.5 gram per day as determined by
weighing the remaining food on a daily basis for 1 week. Dietary restriction was applied for 2-4
weeks by feeding mice 70% of this amount on a daily basis. Fasting was applied by transferring
mice to a fresh cage without food for 1-3 days. Despite significant weight loss as a result of
short-term DR and fasting, no morbidity or mortality was observed as a function of the diets
alone.

Renal ischemia model

Mice were anaesthetized by isoflurane inhalation (5% isoflurane initially and then 2-2.5%
with oxygen for maintenance). Body temperature was maintained by placing the animals
on heating pads until recovery from anesthesia. Following a midline abdominal incision,
the left renal pedicle was localized and the renal artery and vein were dissected. A non-
traumatic microvascular clamp was used to occlude the left kidney for 37 minutes. For bilateral
occlusion, the procedure was repeated immediately on the right kidney. After inspection for
signs of ischemia (purple color), the wound was covered with a phosphate-buffered saline (PBS)
soaked cotton and the animal was placed under an aluminum foil blanket to maintain body
temperature. After release of the clamp, restoration of blood-flow was inspected by return of
the kidney to normal color. In the case of unilateral occlusion, a contralateral nephrectomy
was performed immediately following clamp release. The abdominal wound was closed in two
layers using 5/0 sutures. Animals were given 0.5 mL PBS subcutaneously for maintenance of
fluid balance and kept warm under a heat lamp. All animals were observed to have regained
consciousness before moving their cages from the operating room to the stable.

Kidney function analysis

Unlabeled dimercaptosuccinicacid (DMSA) kits were purchased from GE Healthcare
(Roosendaal, the Netherlands) and radiolabeled with technetium-99m (°**"Tc) according to
manufacturer’s instructions. Mice were injected in a lateral tail vein with 30 MBq *"Tc-DMSA.
Four hours post-injection, the mice were killed, the kidney was removed and the absorbed
radioactivity was measured in a gamma counter (Perkin Elmer, Groningen, the Netherlands)
and expressed as percentage of injected dose per kidney (%ID/kidney).

Liver ischemia model

Liver I/R injury was performed by visualizing the liver hilus and clamping the portal vein,
hepatic artery and bile duct to the left and median hepatic lobes with a non-traumatic clamp
for 75 minutes. In this model, 70% of the liver tissue becomes ischemic and blood outflow from
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the small intestine is preserved through the right anterior and caudate liver lobes. Mortality
associated with this amount of ischemic damage to the liver was not observed. Liver samples
were fixed in formalin for 24 hours prior to embedding in paraffin. Four-micrometer sections
were cut and stained with Hematoxylin and Eosin. Liver necrosis was scored blindly on a scale
from 0 to 4, with 4 representing 100% of the area covered by hemorrhagic necrosis.

Serum measurements

Blood samples were collected by retro-orbital puncture. Serum urea and creatinine levels
were measured using QuantiChrom assay kits based on the improved Jung and Jaffe
methods, respectively (DIUR-500 and DICt-500; Gentaur, Brussels, Belgium). Serum ala-
nine aminotransferase (ALAT) levels were determined using an ELAN analyzer (Eppendorf
Merck, Hamburg, Germany) with Ecoline S+ reagents (Diagnostic Systems GmbH, Holzheim,
Germany) according to manufacturer’s instructions. Serum lactate dehydrogenase (LDH)
levels were determined using Ecoline S+ reagents according to manufacturer’s instructions
in a 96-well format on a Varioskan microplate reader (Thermo Scientific B.V., Breda, the
Netherlands).

Histology

Organs were harvested, fixed for 24 hours in formalin and embedded in paraffin. Three-
micrometer sections were stained with Hematoxylin and Eosin. Tubular injury was assessed in
a blind fashion on a five point scale as described previously.?*

Insulin sensitivity tests

Following baseline blood glucose determination from tail blood of conscious, restrained mice,
animals were injected with a bolus of insulin (Novorapid; 0.75 U/ kg body weight) into the
peritoneal cavity. Blood glucose determinations were performed at the indicated time points
after injection using a HemoCue glucose 201 RT blood glucose analyzer (HemoCue, Angelholm,
Sweden) according to manufacturer’s instructions.

Quantitative real-time PCR

Total RNA was extracted from frozen kidney tissue using Ambion mirVana miRNA Isolation
Kit and oligodT or hexamer-primed cDNA synthesized using SuperScript Il (Invitrogen,
Breda, the Netherlands) according to manufacturer’s instructions. Quantitative real-time
PCR was performed using a MylQ (BioRad B.V. Veenendaal, the Netherlands) with SYBR
Greenincorporation. Relative expression was calculated using the equation 1.8-ACtsample-ACtcontrol) 25
Each sample was tested in duplo at least two times.

Microarrays
Purified total RNA extracted from frozen kidneys (three per group) was used as a template
to generate biotin-labeled cRNA and hybridized to 430 2.0 GeneChips according to manu-
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facturer’s protocol (Affymetrix UK Ltd., High Wycombe, Buckinghamshire, UK). Raw data were
Robust Multichip Average normalized® and assessed for differential gene expression using
Limma.” Annotated pathway over-representation was performed using GAzer.?® Fisher’s exact
testwas performed using the web application available at http://www.langsrud.com/fisher.htm.
Spearman’srhoand Pearson’s correlation coefficients were calculated using SPSSv11. Affymetrix
430 2.0 probe sets representative of the 28 common dietary restricted genes? were obtained
from Ensembil (http://www.ensembl.org/), based on the NCBI m37 mouse assembly; except
for MGI:1924575 which was obtained from the Mouse Genome Informatics data base
(http://www.informatics.jax.org/) given the absence of annotations in Ensembl for this
transcript at the time of submission.

Statistics

The data are expressed as means + SEM. Statistical analyses of data on urea, creatinine, histo-
morphology, immunohistochemistry and immunoblot was preformed using a Student’s
t-test unless otherwise indicated. Survival was analyzed by Log-rank test (SPSSv11). The area
under the curve was calculated using GraphPad Prism 4.0, and the significance was calculated
using a Student’s t-test.

Results

Bilateral renal ischemia was induced by clamping both renal pedicles for 37 minutes,
followed by clamp removal to reinitiate blood flow. Under these conditions, 60% of the control
mice fed ad libitum prior to surgery died or were killed as a result of morbidity (including
excessive weight loss, drop in body temperature, ruffled fur, decreased activity and hunched
body posture), and the associated buildup of toxic waste products (urea and creatinine) in
the blood indicative of irreversible kidney failure by the fourth day following surgery (Figures
1A-D). In contrast, mice restricted daily to 70% of their ad libitum food intake (30% DR) for 4
weeks prior to challenge with renal I/R injury were protected from mortality, weight loss and
kidney dysfunction (Figures 1A-D).

To investigate shorter periods of more severe restriction, we tested the effects of
water-only fasting. As with 4 weeks of 30% DR, 3 days of fasting resulted in 100% survival,
postoperative weight gain and reduced kidney dysfunction (Figures 1A-D). Protection afforded
by both DR and fasting was further confirmed on the level of organ damage by longitudinal
assesment of LDH in the serum (Figure 1E). Upon cellular damage or death, cytoplasmic LDH
is released into the blood and can thus serve as a marker of acute tissue injury. Although LDH
levels were significantly elevated in all groups 2 and 6 hours after reperfusion, they returned
to preoperative levels 24 hours after reperfusion only in the DR and fasted groups. LDH levels
were also significantly lower in the DR group at the 2-hour time point. Kidney damage was
further assessed on the histological level by scoring acute tubular necrosis on a 5-point scale®
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Figure 1. DR and fasting protect against the damaging effects of renal I/R injury. (A) Survival of ad libitum fed
mice, 30% DR mice, and 3-day fasted mice after induction of 37 minutes of bilateral renal I/R injury (n = 10 per
group). Both dietary treatments led to a significant survival advantage (P < 0.01). (B) Body weight of mice over
a 28-day time course following renal I/R injury. (C-D) Kidney function as measured by (C) serum urea and (D)
creatinine concentrations before and after surgery. *P < 0.05, **P < 0.01 vs. the ad libitum fed group at the same
time point. (E) Serum LDH of the indicated groups over a time course following reperfusion. *P < 0.05, **P < 0.01
relative to t = 0 hours of the same treatment; *P < 0.05 relative to the ad libitum fed group at the indicated time
point. (F) Quantification of acute tubular necrosis on a 5-point scale before and after renal I/R injury. *P < 0.05,
**P < 0.01 relative to the ad libitum fed group at the indicated time point. (G) Percentage of cells expressing
Ki67 or PCNA proliferative markers in a microscopic field of the indicated group on 2 day following I/R injury. All
groups were significantly elevated vs. the mock control. The data are expressed as means + SEM.
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before and after injury (Figure 1F). Both DR and fasted groups had significantly less acute
tubular necrosis than the ad libitum fed group on days 1 and 2 after injury, consistent with
a better outcome. Following ischemic injury, damaged tubules have a limited capacity to
regenerate. We measured cellular proliferation on the histological level using the proliferative
markers PCNA and Ki67 (Figure 1G) on the second day following reperfusion coincident
with the onset of organ regeneration. Both markers were elevated in animals subjected to
renal I/R injury relative to mock treated animals. There were no significant effects of dietary
pretreatment on absolute proliferation levels. Taken together, these data are consistent with
better outcome in the DR and fasted groups.

We next tested the kinetics of onset and loss of benefits of DR and fasting using a
unilateral occlusion model in which the left kidney was occluded for 37 minutes followed by
removal of the right (undamaged) kidney. This model represents a more severe stress than the
bilateral model with the same ischemic time, because recovery of renal function and animal
survival depend on regeneration of a single damaged kidney. Under these conditions, 90%
of ad libitum fed mice died or were killed as a result of morbidity indicative of irreversible
kidney failure by the fourthday following I/R injury. Mice on 30% DR for 4 weeks or fasted for
3 days had significantly elevated survival rates (both 100%; Figure 2A) and improved renal
function (Figure 2B) as in the bilateral model. Two weeks of 30% DR was similarly effective as
4 weeks with respect to survival and kidney function (Figures 2A-B), indicating a rapid onset
of benefits of DR. Similarly, 2 or even 1 day of water-only fasting prior to ischemia significantly
elevated survival rates (100% and 90%, respectively; Figure 2A). Interestingly, despite maximal
effects on survival within 2 days, protection against kidney dysfunction increased in a dose-
dependent manner for up to 3 days, reaching protection levels similar to 2 or 4 weeks of 30%
DR (Figure 2B).

Assessment of kidney function by serum-based measures, including creatinine and
urea, can in some cases be affected by confounding factors such as differences in muscle
mass or diet. We thus sought to confirm the rapid onset of protection afforded by fasting
with a more direct measure of kidney function. The uptake of technetium-99m-radiolabeled
dimercaptosuccinicacid (**"Tc-DMSA) by the kidneys is directly related to kidney tubular
reabsorption. Twenty-four hours after I/R injury significantly less *™Tc-DMSA accumulated in
the ad libitum group relative to the mock-treated animals, indicative of kidney dysfunction.
In mice fasted for 1 to 2 days prior to I/R injury, this reduction was significantly ameliorated
(Figure 2C).

To determine the kinetics of loss of the protective effect of fasting from renal I/R injury, we
allowed animals ad libitum access to food for variable times following a 3-day fast and tested
their resistance to ischemic injury. Significant benefits on animal survival remained for at least
2 days after refeeding but were lost after 4 days (Figure 2D). Despite these lingering survival
benefits, protection from kidney dysfunction was lost by as little as 2 hours of refeeding prior
to surgery (Figure 2E).

In contrast to ad libitum fed mice, food-restricted mice started eating shortly after awaking
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Figure 2. Rapid onset and loss of protective effects of short-term dietary restriction and fasting. (A-C) Rapid
onset: (A) Kidney function as measured by serum urea following 37 minutes of unilateral renal I/R injury in the
indicated groups (n = 4-10 per group per time point). **P < 0.01 vs. the ad libitum fed group at the same time
point. (B) Survival curves of mice fed ad libitum, 30% restricted for 2-4 weeks or fasted for 1 to 3 days prior to
induction of 37 minutes of unilateral renal I/R injury with a contralateral nephrectomy (n = 10-18 per group). (C)
Mice fasted for 0 to 3 days (4-10 animals per group) were analyzed for kidney function either in the absence of
renal ischemia (day 0) or 1 day following 37 minutes of renal ischemia by measuring radioactivity in the kidney
with a gamma-counter 4 hours after injection of ®"Tc-DMSA, expressed as a percentage of the injected dose
per one kidney (% ID/kidney). Note the reduced percentage of *"Tc-DMSA in the kidneys of the ad libitum fed
group 24 hours after renal I/R injury (12.4% to 5.6%), indicative of renal dysfunction. *P < 0.05, **P < 0.01 vs. the
ad libitum fed group at day 0; *P < 0.05, #P < 0.01 vs. the ad libitum fed group at day 1 post-reperfusion. (D-E)
Rapid loss: (D) Survival curves of the indicated groups. Survival of animals refed for 2 hours, 1- and 2 days was
significantly different than that of ad libitum fed animals (P < 0.002); survival of animals refed for 4 and 7 days
was not significantly different than that of ad libitum fed animals. (E) Kidney function as measured by serum
urea prior to and 1 day following I/R injury. Data from three independent experiments with 4-12 animals per
group are averaged. In the day 0 group, asterisks indicate significant differences vs. the ad libitum fed control
group; in the day 1 group, asterisks indicate significant difference between 3 days of fasting without refeeding
and ad libitum fed animals, as well as each of the refed groups (**P < 0.01). There were no significant differences
between the ad libitum fed group and any of the refed groups on day 1 following renal I/R injury. The data are
expressed as means + SEM.
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from surgery. As a result, they gained weight rapidly following surgery, whereas the ad
libitum fed mice did not eat in the first days following surgery and lost weight (Figure 1B).
We thus asked if the benefits of fasting were caused by diet-induced changes present at the
time of renal I/R injury (preconditioning) or by differences in eating behavior after the injury
leading to weight gain in the protected groups. To do this, we prevented access to food for
1 day following reperfusion in the ad libitum fed animals, as well as those fasted for 2 days
prior to bilateral renal I/R injury. Although both groups continued to lose weight the first day
after surgery (Figure 3A), animals fasted for 2 days prior to I/R injury had a significant survival
advantage (Figure 3B) and a significantly better renal function on the second day following the
injury (Figure 3C). We cannot rule out the possibility that differential feeding after this initial
24 hours postoperative period, or other physiological postoperative differences between
fasted and fed mice, contribute to the observed protection in the fasted group. However,
our data are consistent with a substantial impact of the diet prior to the onset of injury. We
thus conclude that the impact of the diet on the ability to withstand renal I/R injury is largely
caused by a preconditioning effect. The best known preconditioning technique is ischemic
preconditioning, in which brief periods of ischemia are protective against longer, subsequent
bouts of ischemia.*® Hereafter, we refer to short-term nutritional interventions prior to ischemia
as dietary preconditioning.
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Figure 3. Protection is a preconditioning effect. (A) Black bars indicate periods of free access to chow; gray
bars indicate periods without access to chow. Body weights of the two groups at the time of surgery (day 0)

are indicated. The data are expressed as means + SEM. (B) Survival following renal I/R injury. Fasted animals
retained their survival advantage despite lack of refeeding for 1 day following renal I/R injury. *P < 0.05 vs. 2-day
ad libitum fed + 1-day fasted mice. (C) Kidney function as measured by serum urea levels before and after I/R
injury. *P < 0.05 vs. 2-day ad libitum fed + 1-day fasted mice on the second day following surgery. The data are
expressed as means + SEM.

48



Dietary preconditioning against ischemic injury

To find out if the protection afforded by brief fasting against I/R injury was specific to the
kidney or more broadly applicable, we used a model of liver I/R injury. Seventy percent hepatic
ischemia was induced by clamping the portal vein, hepatic artery and bile duct to the left
and median hepatic lobes for 75 minutes. As no mortality is associated with this model, we
monitored ischemic liver damage by measuring the release of the liver-specific enzyme ALAT
from dead or damaged cells into the blood for up to 24 hours (Figure 4A). Six hours after
reperfusion, serum ALAT levels were elevated above baseline in all groups. However, they
were significantly lower in the 2-and 3-day fasted groups than in the ad libitum fed group.
Twenty-four hours after reperfusion, serum ALAT levels were significantly lower in each of
the fasted groups. Histological sections prepared 24 hours after reperfusion showed less
hemorrhagic necrosis in the 3-day fasted group than in the ad libitum fed group (Figure 4B).
Thus, as in the renal ischemia model, 1-3 days of water-only fasting significantly protected
against ischemic damage to the liver.
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Figure 4. Dietary preconditioning in the liver. (A) Reduced injury markers upon liver I/R injury in fasted mice. Mice
(5-8 animals per group) were fasted for the indicated times prior to induction of 75 minutes of warm ischemia
to the liver. Serum concentration of the liver-specific enzyme alanine aminotransferase (ALAT), indicative of liver
damage, was measured at the indicated times following reperfusion. *P < 0.05, **P < 0.01 vs. the ad libitum fed
group at the same time point. (B) Quantification of hemorrhagic necrosis. Left: Liver necrosis was scored blindly
on a scale from 0 to 4, with 4 representing 100% of the area covered by hemorrhagic necrosis. The data are
expressed as means + SEM. **P < 0.01 vs. the ad libitum fed group. Right: Representative Hematoxylin and Eosin-
stained liver sections from mice 24 hours after reperfusion. Note the large areas of hemorrhagic necrosis (in red)
in the mouse fed ad libitum prior to I/R injury and its relative absence in 3-day fasted mice. Magnification 100x.

The mechanisms underlying the benefits of long-term DR, including resistance to I/R injury and
extended longevity, remain unclear. Attenuation of oxidative stress, up-regulation of stress
proteins and reduced inflammation have emerged as potential mechanisms of resistance
to heart and brain ischemia by long-term DR,?'2* while improved insulin sensitivity, reduced
insulin/insulin-like growth factor (IGF)-1 signaling, up-regulation of stress proteins, reduced
mitochondrial free radical production and reduced inflammation are thought to contribute to
extended longevity by long-term DR.'® 3" We asked if dietary preconditioning by short-term DR
(defined here as 4 weeks or less) and/or fasting could function via these candidate mechanisms.
We first measured insulin sensitivity of animals fasted for 1 or 3 days or 30% restricted for 4
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weeks relative to ad libitum fed mice by injecting a bolus of insulin into the intraperitoneal cavity
and measuring changes in blood glucose over time. The area under each curve is inversely
proportional to the group’s ability to clear glucose in response to insulin challenge. Fasting
and short-term DR resulted in improved insulin sensitivity relative to ad libitum fed mice,
correlating with improved outcome following renal I/R injury among our experimental groups
(Figure 5A). Fasting improved insulin sensitivity in a dose-dependent manner from 1 to 3 days,
with 3 days leading to an equivalent area under the curve as 4 weeks of DR.

We next analyzed components of the insulin/IGF-1 signaling pathway and the
inflammatory response on the transcriptional level. At baseline, levels of kidney growth
hormone receptor (Ghr) mRNA were significantly reduced in fasted relative to ad libitum
fed animals (Figure 5B). Transcription of IGF-1 is dependent on binding of growth hormone
to its cognate receptor, Ghr. Similar to Ghr, IGF-1 mRNA was significantly reduced in the
fasted group (Figure 5B). Markers of antioxidant protection, including the inducible form of
heme oxygenase-1 (HO-1) and glutathione reductase (Gsr), were significantly elevated on
the transcriptional level in fasted mice relative to ad libitum fed mice (Figure 5B). Following
renal I/R injury, Ghr and IGF-1 mRNA levels fell below baseline in both groups. Interestingly,
the decline was proportionately less in the fasted group than in the ad libitum fed group. Also,
relative to baseline, the levels 48 hours after reperfusion were higher in the fasted group than
in the ad libitum fed group. HO-1 was strongly induced in both groups following ischemia,
but to significantly lower levels and with a more rapid return to baseline in the fasted group.
Gsr mRNA levels fell in the fasted group and increased in the fed group over the 48-hour
time course following reperfusion. Markers of inflammation including the pro-inflammatory
cytokine interleukin-6 and the neutrophil-recruiting endothelial adhesion molecule P-selectin
were up-regulated on the transcriptional level following I/R injury in both groups with similar
kinetics, but to a significantly lower degree in the fasted group (Figure 5B).

We turned to a global approach to quantify the degree to which changes in gene
expression because of fasting and short-term DR overlap with each other and with long-
term DR. To this end, we compared kidney transcriptomes of animals preconditioned with 4
weeks 30% DR or 3 days fasting to a common group of ad libitum fed mice (n = 3 animals per
group) using Affymetrix arrays with 45101 unique probe sets representing 36431 target genes.
Six hundred and forty-two (fasted) and 161 (short-term DR) probe sets were significantly
differentially regulated versus the ad libitum fed control group using the criteria of fold
change > 1.5 with a P-value of < 0.001 (Figure 6A). Twenty-four probe sets were common to
both (Table 1), representing 14% and 4% of the total significant DR and fasted group probe
sets, respectively. Seventy-nine per cent of these changes occurred in the same direction,
with a Pearson’s correlation of 0.529 and a Spearman’s rho of 0.464. Notable in this group
of genes is a number involved in lipid metabolism (Lpl, Acsm3, Cyp51, Decr2 and Ces1),
organelle/membrane trafficking (Ccdc91, Vsp8 and Bnip1) and protein turnover (Cndp2,
Wdr40b, Rnf180 and Mmp13).

In light of this modest number of overlapping genes between dietary groups, we next
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Figure 5. Insulin/IGF-1 signaling in dietary preconditioning. (A) Improved insulin sensitivity in preconditioned
mice. Left: Whole blood glucose levels at the indicated time points following an intraperitoneal injection of
insulin. Right: Area under the curve. The data are expressed as means + SEM. * P < 0.05, **P < 0.01 relative to
the ad libitum fed group (B) Differential expression of markers of antioxidant protection, inflammation and GH/
IGF-1 axis. Changes in steady state mRNA levels of the indicated genes at baseline (bar graph, top) and over a
2-day time course following reperfusion (line graphs, bottom) as determined by qRT-PCR. All data points are
expressed relative to the ad libitum fed group at t = 0. Each data point represents the mean expression value
from five animals. Ghr, growth hormone receptor; IGF-1, insulin-like growth factor-1; HO-1, heme oxygenase-1;
Gsr, glutathione reductase; IL-6, interleukin-6. Top: *P < 0.05, **P < 0.01 vs. the ad libitum fed group.

asked which pathways were significantly affected by short-term DR and fasting, and how many
were common to both. To this end, we looked for over-representation of predefined gene sets
within each data set using GAzer?® with a false discovery rate of g < 0.05. Within the Gene
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Figure 6. Global transcriptional changes upon short-term dietary restriction and fasting. (A) Venn diagram
representing numbers and overlap of probe sets significantly differentially regulated in the kidney as a result of
dietary preconditioning (4 weeks of 30% dietary restriction [DR] or 3 days of fasting [FA]) vs. ad libitum fed (AL)
controls. Significance cutoffs were set by fold change > 1.5 and P-value < 0.001. (B) All Gene Ontology - Biological
Processes and (C) GENMAPP Pathway gene sets overrepresented within either the short-term DR or fasted vs. ad
libitum data sets were aligned according to Z score. Red, green and black indicate up-regulation, downregulation
and/or no change, respectively, of that biological process because of the given dietary treatment relative to ad
libitum feeding. Gene sets are ordered by Z score of the DR group. Note that all gene sets significantly over-
represented in either treatment group (DR or FA) are included in the heat maps, and that those gene sets
significantly over-represented in both treatment groups are in bold. (D) Similarity to long-term DR. Heat map of
gene expression changes in a predefined set of 28 genes comprising a common transcriptional signature of DR
across multiple mouse tissues.?” Long-term DR probe sets are indicated either as up (red) or down (green) without
regard to magnitude of expression; probe sets corresponding to short-term DR and fasted groups are colored
as in (B). Significant genes from the short-term DR and fasted data sets as defined by fold change > 1.5 and
P-value < 0.001 are in bold, with crosses and asterisks corresponding to short-term DR and fasting, respectively.
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Ontology (GO) category of Biological Processes (GO-BP), 43 and 27 genes sets were
significantly over-represented in the DR and fasted groups, respectively. Thirteen of these were
common to both treatments, with Z scores indicating the same directionality in all 13 gene
sets. In GENMAPP Pathway, 19 and 9 gene sets were significantly over-represented in the DR
and fasted groups, respectively, with 4 of the 6 in common in the same direction. Heat maps
of these enriched gene sets in both treatment groups ordered by Z score of the DR group
are shown in Figures 6B-C. Similar overlaps were seen within other sets of predefined gene
sets, including GO Molecular Functions (GO-MF; 40 DR and 25 fasted significant gene sets,
12 common to both, all in the same direction), GO Cellular Component (GO-CC; 18 DR and
7 fasted significant gene sets, 3 common to both, all in the same direction) and Interpro (41 DR
and 49 fasted significant gene sets, 19 in common, all in the same direction). Thus, despite only
modest overlap on the level of individual genes, 53 of the 161 and 117 significant gene sets in
the short-term DR and fasted groups, respectively, were common to both treatments, with 51
of these in the same direction.

Among these pathways were many expected for nutrient/energy deprivation by either
fasting or DR, including down-regulation of fatty acid, cholesterol and steroid biosynthesis.
Pathways previously reported to be downregulated upon DR, such as DNA repair,*? were also
downregulated (although not significantly) in the fasted group. In addition, shared pathways
consistent with increased resistance to I/R injury were significantly over-represented, including
increased GO-BP negative regulation of apoptosis (up-regulated anti-apoptotic genes
included angiopoietin-like 4 in both groups and Bcl2-like 1 in the fasted group), increased
GO-MF glutathione transferase activity (increased Gstm1, Gstm3 in DR; increased Mgst-1,
Gstal, Gsta2, Gsta3, Gsto1, Gstt2, Gstm1 in FA) and decreased GO-BP complement activation.
Of the 19 common significant pathways represented in Figure 6B, differences between
dietary treatments were observed in only 2, Statin and Electron Transport Chain. In the
Electron Transport Chain Pathway, for example, a number of genes encoding subunits of
cytochrome c oxidase, NADH dehydrogenase and ATP synthase were significantly up-regulated
in DR and downregulated in FA, accounting for the difference in directionality. Although ROS
production and/or detoxification is thought to be a key player in the anti-aging effects of DR,
the role of mitochondrial respiration itself remains controversial.>* Further experiments will be
required to test which if any of these pathways are involved in the beneficial effects of dietary
preconditioning against I/R injury.

Finally, we asked if the effects of short-term DR and fasting on gene expression in the
kidney were similar to what has been previously reported for long-term DR in other mouse
tissues. For data regarding long-term DR, we turned to a meta-analysis covering ten mouse
tissues subject to varying lengths (2 days to 2 years, average 6 months) and severity (10-75%,
average 36%) of DR.?° Twenty-eight genes that change significantly upon DR in at least five
tissues were identified in this meta-analysis. Within this group of 28 genes/48 probe sets, 2
genes/2 probe sets (PER2, TSPAN4) from our DR data set and 8 genes/9 probe sets (CD74,
COL3A1, TSPAN 4, FKBP5, RBM3, PECI, SERPINH1 and CDKN1A) from our fasted data set were
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significantly differentially regulated in the kidney (fold change > 1.5, P < 0.001). This degree of
enrichment makes it among the most significant of any predefined gene set tested (P=0.013
and 2.353E® for DR and fasted, respectively, by Fisher’s exact test). A heat map representing
expression levels of probe sets corresponding to the 28 DR-associated genes is presented in
Figure 6D.

Discussion

Timing of onset of benefits of DR
Voluntary adherence to a restricted diet is difficult for most people. Potential benefits of
DR requiring long-term application, such as extended longevity, are thus considered moot
in a clinical setting. However, extended longevity is only one of the potential benefits of
DR (albeit a widely popularized one). DR also increases acute stress resistance in most
organisms tested, including mammals. For example, DR lasting between 3 months and
1 year mitigates injury in rodent models of cardiac and cerebral ischemia.?’* What is
currently not known is the length of restriction required for the onset of such benefits. Here,
we show that as little as 2-4 weeks of 30% reduced daily feeding in mice led to significant
protection against renal I/R injury. Interestingly, there was no increase in protection between
2 and 4 weeks of DR, suggesting that the maximal protection afforded by these short-
term treatments was already reached by 2 weeks of DR. Whether or not longer periods
of restriction will further increase protection remains to be experimentally determined.
In rodents, longevity extension by DR is roughly proportional to the amount of energy
restriction (0-65%) up to the point of starvation. 3* Beyond this point, restriction can lead
to irreversible consequences and is eventually fatal. However, 100% restriction (water-only
fasting) for shorter periods of time is possible without irreversible side-effects. We found that 3
days of water-only fasting led to protection against renal ischemic injury similar in magnitude
to 2-4 weeks of 30% DR. Significant benefits were observed with respect to both survival and
kidney function; however, the kinetics of onset and loss differed between these endpoints.
Significant survival benefits occurred after a single overnight fast, while protection against
renal dysfunction increased each fasting day for up to 3 days. Similarly, functional protection
afforded by a 3-day fast was rapidly lost within hours of refeeding despite lingering survival
benefits for up to several days. The reason for these apparent discrepancies in timing of
onset and loss of benefits is currently not known. One possibility is that death and kidney
dysfunction, although both initiated by renal I/R injury, have partially different causes. For
example, mortality may be caused by reperfusion injury to distant organs such as the heart,
lungs and brain* in addition to renal failure. Fasting may more rapidly affect the body’s ability
to withstand remote ischemic injury than acute renal ischemic injury. Another, non-mutually
exclusive possibility is that different mechanisms of protection exist and that they are gained
and lost at different rates. For example, transcriptional up-regulation of stress resistance genes,
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including HO-1 and Gsr, may require several days of reduced insulin/IGF-1 signaling, but be
rapidly lost upon the return of such signaling. Future experiments will be required to determine
the molecular mechanisms underlying individual benefits and their timing of onset and loss as
a function of different dietary regimens.

This is the first demonstration of the rapid onset of resistance to renal ischemic damage by
short-term DR and fasting. However, it is consistent with a larger body of work demonstrating
rapid onset of benefits of energy/nutrient deprivation, including both fasting and DR, in
different organisms using different endpoints. For example, in fruit flies maximal effects on
daily mortality rate are achieved within 1 to 3 days of DR."> Resistance to starvation stress is also
increased by 4 days of DR and scales with the percent restriction.® In mice, 40% DR for 12-15
days is effective at preventing growth of tumor xenografts.*® Dietary restriction initiated late in
life rapidly shifts liver gene expression towards a long-term DR profile, beginning in as little as
2 weeks, and impacts longevity within 2 months.>” Two weeks of DR also leads to feminization
of liver gene expression in males,*® an intriguing finding in light of the dramatically increased
resistance of females to renal I/R injury relative to males in both humans and mice.* Shorter
periods of more severe restriction have also proven efficacious in protecting against acute
stress. For example, fasting for 3-4 days improves organ and animal survival in rodent models
of orthotopic liver transplantation* and heterotopic heart transplantation.*’ Finally, 2 days
of water-only fasting protects mice against the toxic effects of chemotherapeutic agents.*
Although most of these studies were not designed to interrogate the time on a restricted diet
required for the onset of maximal benefit, taken together with our own studies they suggest
that benefits of nutrient/energy restriction measured by a variety of outcomes, including acute
stress resistance, do not require long-term application.

Potential overlap between mechanisms of protection by fasting, short-term and long-
term DR
One of the consequences of nutrient/energy deprivation is reduced insulin/IGF-1 signaling.
Reduced signaling through these pathways increases stress resistance and extends
longevity in part through activation of transcription factors leading to increased expression
of stress resistance genes.” In rodents, improved insulin sensitivity is indicative of reduced
baseline insulin signaling and is observed in both genetic and dietary models of extended
longevity and increased stress resistance. Relative to ad libitum fed mice, we observed
improved insulin sensitivity upon both fasting and short-term DR. We also observed reduced
levels of Ghr and IGF-1 mRNAs in the kidney itself, as well as up-regulation of genes involved
in antioxidant defense. These data are consistent with a model of increased stress resistance
by both fasting and short-term DR involving reduced insulin/IGF signaling and concomitant
up-regulation of cellular stress resistance mechanisms. As a consequence, oxidative injury, cell
death and inflammation are all reduced subsequent to ischemic injury.

In a variety of experimental models, reduced signaling through insulin/insulin-like
peptides results in extended longevity and increased stress resistance.'” This may seem at odds
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with the well-documented pro-growth and pro-survival effects these factors have in other
settings, for example in response to an ischemic insult to the brain, heart or kidney.***” Here,
we observed improved insulin sensitivity and reduced Ghr and IGF-1 mRNA in fasted mice,
consistent with reduced signaling through these pathways at baseline prior to I/R injury.
Interestingly, we also observed a relative increase in mRNA levels of Ghr and IGF-1 after injury
in the fasted group. Although further experiments are required to determine actual levels of
GH/IGF-1 signaling, the present data are consistent with increased signaling through these
pathways after an ischemicinsult, and better survival. Based on these data, we hypothesize that
the benefits of reduced and increased insulin/IGF-1 signaling can be separated by time relative
to an acute injury, and are thus not mutually exclusive. According to this hypothesis, reduced
IGF-1 signaling as a result of DR or fasting prior to ischemic insult may have two beneficial
effects: up-regulation of stress resistance resulting in less initial damage and improved IGF-1
sensitivity resulting in increased survival signaling after injury.

In lower organisms, the genetic requirements for lifespan extension and stress resistance
are more extensively characterized than in mammals and appear to vary depending on the
type of DR method employed. In worms, for example, the source of bacteria (liquid culture
vs. solid agar plates) and the timing of onset of DR can both affect the genetic requirements
for longevity extension.”® Here, we used two distinct dietary interventions, fasting and short-
term DR, to modulate resistance to ischemic injury and found similar beneficial effects with
both. On the level of global changes in the kidney transcriptome, 31% of the significant short-
term DR and 49% of the significant fasting annotated gene sets identified in GO-BP, GO-MF,
GO-CC, GENMAPP Pathway and Interpro were common to both treatment groups. Of the 53
significant gene sets in common, 51 were changed in the same direction. Furthermore, gene
expression markers identified previously in a meta-analysis of mostly long-term DR studies of
multiple mouse organs® were significantly enriched in our kidney data set from both short-
term DR and fasted animals. Taken together, these data are consistent with an overlapping
transcriptional response to fasting, short-term DR and long-term DR in the kidney. However,
they are also consistent with different genetic requirements for different DR regimens as in
lower organisms. Future experiments will be required to determine which of these changes, if
any, underlie the benefits of DR on acute stress resistance.

Finally, it will be of great future interest to elucidate the relationship between acute
stress resistance and other benefits of DR such as extended longevity. Without any detailed
understanding of the mechanism (or mechanisms) underlying either of these benefits, the
relationship between them remains only correlative in nature. It is easy to envisage how
improved stress resistance could extend longevity, for example by increasing the likelihood
of surviving a heart attack or stroke on any given day. What remains unclear is if, or how, this
relates to the reduction in the rate of aging achieved by DR.

Fasting in DR and acute stress resistance
The role of periods of fasting in the beneficial action of DR remains unclear.* DR regimens in
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rodents involve extended periods of fasting between meals, as animals are hungry and
consume their food allotment quickly when fed. The length of these periods is not widely
reported and likely depends both on the percent restriction as well as the frequency of
meals (typically once daily to thrice weekly). Intermittent fasting regimens with ad libitum
feeding between periods of fasting (e.g. every other day fasting or 4 days fasting every 2
weeks) have beneficial effects in rodents similar to DR, including extended lifespan® ' and
increased stress resistance.”? In some strains, intermittent fasting is associated with reduced
total food intake and reduced body weight typical of DR,>* while in others, it produces tangible
health benefits in the absence of weight loss.>™ %2 This suggests that periods of fasting rather
than reduced overall calorie intake per se may underlie some of the benefits of DR. On the other
hand, altering the temporal pattern of feeding of a restricted diet from once to twice daily,
while affecting circadian rhythmicity, has no significant impact on lifespan.>* This suggests that
overall nutrient/energy restriction is more important than timing of food intake at least for
longevity extension by DR. Nevertheless, these experiments did not rule out the potential role
of fasting between meals, as both groups still underwent extended periods of fasting relative
to the ad libitum fed group.*® Experimental separation of reduced nutrient/energy intake from
periods of fasting in rodents remains challenging, and further experiments will be required
to resolve the contribution of periods of fasting, if any, to the benefits of DR. Our data are
consistent with a role of fasting in at least one of these benefits, acute stress resistance, during
the initiation phase of DR.

The benefits of fasting have been known at least since the time of Hippocrates, but the
practice is largely absent from Western medicine today. Instead, it is often associated with
malnutrition, a risk factor for postoperative survival,*® wound healing, infection and multiple
organ failure.’” One of the few modern clinical applications of fasting is to reduce the risk
of pulmonary aspiration of regurgitated stomach contents prior to operations involving
anesthesia. The origins in the 1960s of the standard “nil by mouth after midnight”
preoperative fast are somewhat obscure,*® and today even this relatively short fast is perceived
as overcautious and possibly detrimental to patient subjective well-being and postoperative
recovery.® Current more liberal guidelines allow consumption of solids up to 6 hours prior to
surgery and recommend consumption of liquids, including carbohydrate-rich beverages, up
to 2 hours prior to surgery.®® Our data suggest that slightly longer periods of fasting, or short
periods of DR, prior to surgery may be beneficial for an entirely different purpose: protection
against certain types of acute organ stress. Fasting may thus represent a non-invasive, cost-
free method of protecting against multiple types of acute stress, including surgical I/R injury
unavoidably encountered in elective surgeries, including living-donor organ transplantation,
cardiac surgery, vascular surgery and liver resection. It remains to be seen if the benefits
of fasting and short-term DR and their rapid onset observed in rodents will translate to
humans. However, the conservation of rapid onset of DR benefits between flies' and rodents,
combined with the efficacy of DR in improving markers of healthspan in both nonhuman
primates'®" and humans'* suggests that it might.
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Abstract

Background: Preoperative fasting induces robust protection against renal ischemia/
reperfusion (I/R) injury in mice, but is considered overcautious and possibly detrimental for
postoperative recovery in humans. Furthermore, fasting seems to conflict with reported
benefits of preoperative nutritional enhancement with carbohydrate-rich drinks. Here, we
investigated whether preoperative ingestion of a glucose solution interferes with fasting-
induced protection against renal I/R injury.

Methods: Mice were randomized into the following groups: fasted for three days with access
to water (fasted), or a glucose solution (fasted + glc), or fed ad libitum with water (fed), or a
glucose solution (fed + glc). After induction of bilateral renal I/R injury, all animals had free
access to food and water. Calorie intake, body weight, insulin sensitivity, kidney function and
animal survival were determined.

Results: Fed + glc mice had a comparable daily calorie intake as fed mice, but 50% of those
calories were obtained from the glucose solution. Fasted + glc mice had a daily calorie intake
of approximately 75% of the intake of both fed groups. This largely prevented the substantial
body weight loss seen in fasted animals. Preoperative insulin sensitivity was significantly
improved in fasted + glc mice versus fed mice. After I/R injury, kidney function and animal
survival were superior in both fasted groups.

Conclusion: The benefits of fasting and preoperative nutritional enhancement with
carbohydrates are not mutually exclusive, and may be a clinically feasible regimen to protect
against renal I/R injury.

82



Glucose, fasting and renal I/R injury
Introduction

In clinical kidney transplantation, organ recovery and cold storage of the renal graft result in
the initiation of renal ischemia/reperfusion (I/R) injury." On transplantation in the recipient,
reperfusion of the graft promotes the generation of reactive oxygen species,?and the activation
of an inflammatory response,® resulting in profound graft injury after transplantation. Renal I/R
injury is a risk factor for the development of delayed graft function,* primary non-function,’
acute rejection® and chronic allograft nephropathy.” I/R injury is also unavoidably induced
in elective surgeries including cardiac® and vascular surgery.® Treatment of I/R injury is still
unsatisfactory. Therefore, the development of new therapeutic interventions to reduce or
prevent I/R injury remains warranted.

We have reported recently that preoperative fasting from solid food strongly improves
postoperative kidney function and animal survival following renal I/R injury. Three days of
fasting induced a significant reduction in oxidative damage, inflammation, and cell death in
the post-ischemic kidneys from preoperatively fasted mice.”

The beneficial effects of preoperative fasting against renal I/R injury are in apparent conflict
with reported benefits of a different nutritional intervention: preoperative carbohydrate
loading. In the clinical setting it has been shown that the use of liquid carbohydrate-rich drinks
up to 2 hours before surgery does not increase the risk for pulmonary aspiration of regurgitated
stomach contents during anesthesia.'" ' Moreover, preoperative use of carbohydrate-rich
drinks improves preoperative patient subjective well-being.'? After surgery, it decreases the
catabolic response to surgery, including postoperative insulin resistance.’ ™ It improves
postoperative recovery,' and reduces postoperative hospital stay.'®

The purpose of the present study was to investigate whether the combination of
preoperative fasting from solid food and concomitant administration of a carbohydrate-rich
drink interferes with protection against renal I/R injury in mice. To do this, we allowed mice
free access to a glucose solution during a 3-day preoperative fasting regimen, and investigated
its effect on fasting-induced protection against renal I/R injury. Here, we report that the
consumption of an oral glucose solution does not interfere with fasting-induced protection
against renal I/R injury.

Material and Methods

Animals

Male C57BL/6 mice (~25 g) were obtained from Harlan (Horst, the Netherlands). On arrival, mice
were housed at random under standard conditions in individually ventilated cages (n = 3-4
mice per cage) with free access to tap water (pH = 2.4-2.7) and food (Special Diet Services,
Witham, UK). At the start of the experiment, all mice were transferred to clean cages at 5:00 pm.
Fed and fed + glc mice were allowed free access to food and water or a glucose solution for 3
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consecutive days. Fasted and fasted + glc mice had free access to water or a glucose solution,
but were withheld from food for 3 days. No deaths occurred during this fasting regimen.
In a separate experiment, mice were fed 70% of the daily intake of ad libitum fed mice for
3 days (30% food restricted group). The experimental 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.

Surgical procedure
Bilateral renal I/R injury was induced in fasted, fasted + glc, fed, fed + glc, and 30% food
restricted mice as described.”

Kidney function
Kidney function was determined in fasted, fasted + glc, fed, fed + glc, and 30% food restricted
mice as described.™

Dietary intake

At the start of the experiment a 60% (wt/vol) glucose solution was prepared (D (+) glucose,
Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands). This solution contained 2.2 calories
per milliliter. The daily intake of the glucose solution or the water was measured by weighing
the drinking bottles. The measurements were corrected for leakage by recording weight
change of 4 control bottles (2 filled with the glucose solution, 2 filled with water). The daily
food intake was measured by weighing the food. The average calorie intake per mouse per day
was determined until the day of surgery by calculating the amount of calories ingested by the
animals from the food and the glucose solution.

Insulin sensitivity
Insulin sensitivity was determined in separate groups of fasted, fasted + glc, fed, and fed + glc
mice as described.’ These mice were not subjected to renal I/R injury.

Statistical analysis

The data are expressed as means + SEM. Differences between the groups were compared
by Mann-Whitney U tests (SPSSv15). Differences in survival rates were analyzed by Log-
rank tests (SPSSv15). The area under the curve was calculated using GraphPad Prism 5.0.
Differences between groups were considered significant at P < 0.05.

Results

Effect of glucose supplementation on food, liquid and calorie intake
We determined whether the intake of an oral glucose solution has an effect on the eating and
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drinking behavior of fed, fed + glc, fasted and fasted + glc mice before subjecting them to
bilateral renal I/R injury. Fed mice drank 3.5 + 0.3 mL water (Figure 1A), and consumed 4.0 £ 0.3
gram of food per day (Figure 1B), which was equivalent to a calorie intake of 14.4 + 1.1 kcal per
day (Figure 1C). Fed + glc mice consumed half the amount of food as the fed animals (2.0 + 0.1
gram vs. food intake of fed mice, P = 0.050; Figure 1B). These mice drank 3.5 + 0.4 mL per day of
the glucose solution (Figure 1A) and received 50% of their calories from the glucose solution.
This resulted in a comparable daily calorie intake (14.7 £ 0.9 kcal per day) as the fed mice
(Figure 1C). During the 3-day fasting regimen, fasted mice had no access to calories and drank
only 0.4 = 0.1 mL of water per day (P = 0.050 vs. fed mice). In contrast, fasted + glc mice drank
1.5 times more than the fed + glc mice (5.2 £ 0.2 mL per day, P = 0.050 vs. fed + glc mice; Figure
1A). These mice obtained a daily calorie intake from the glucose solution of approximately 75%
of the intake of both fed groups (11.1 + 0.5 kcal per day; Figure 1C).
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Figure 1. The effect of oral glucose supplementation on food, liquid and calorie intake. (A) Fluid intake per
mouse per day. Fasted + glc mice compensated for the calorie loss by increasing their fluid intake during the
three day fasting period. (B) Food intake per mouse per day. Administration of the glucose solution reduced the
solid food intake of fed + glc mice as compared with fed mice. (C) Kilocalorie intake determined per mouse per
day. Each day, fasted + glc mice obtained ~75% of the calories of both fed groups from the glucose solution.
Graphs represent the average intake per mouse per group over three days (n = 8 per group). Error bars indicate
SEM. *P < 0.05 vs. fed mice; #P < 0.05 vs. fed + glc mice.

Effect of preoperative glucose supplementation on perioperative weight

Next, we investigated the effect of preoperative glucose supplementation on perioperative
body weight in preoperatively fed mice and 3-day fasted mice. After three days of fasting,
fasted mice had lost 26% of their body weight, whereas fasted + glc mice only lost 8% of their
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body weight (P = 0.001 vs. fasted mice; Figure 2A). After surgery, fasted mice started eating
rapidly. This resulted in an 8% increase in body weight on postoperative day (POD) 2 (P = 0.001
vs. the baseline body weight). Fasted + glc mice showed a similar response as both fed groups.
On POD 2, these animals had lost body weight (fed: 13%; fed + glc: 15%; fasted + glc: 9%) as
compared with their body weights on the day of surgery (P = 0.003, P = 0.002, and P = 0.007,
respectively; Figure 2B).
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Figure 2. Perioperative body weight. (A) Administration of an oral glucose solution during the 3-day fasting
regimen prevented the substantial body weight loss seen in fasted mice. The data are expressed as means + SEM
(n = 8 per group). **P < 0.01 vs. fasted mice at the indicated time points. (B) Two days after surgery, the body
weight of fasted mice was increased versus their body weight at baseline, whereas it decreased in fasted + glc
mice, fed mice, and fed + glc mice. The data are expressed as means + SEM (n = 8 per group). **P < 0.01 vs. the
same group at baseline (t = day 0).

Effect of preoperative glucose supplementation on kidney function and animal survival
Three days of fasting before induction of renal I/R injury improves postoperative kidney
function and animal survival.’”® Here, we investigated the effect of oral glucose supplemen-
tation on postoperative kidney function and animal survival in preoperatively fed mice and
3-day fasted mice. Both fasted mice (66.6 = 8.1 mmol/L) and fasted + glc mice (43.8 + 10.5
mmol/L) had significantly lower serum urea concentrations on POD 2 than fed mice (101.9
+ 3.4 mmol/L, P = 0.008 vs. fasted mice) and fed + glc mice (112.7 £ 2.1 mmol/L, P = 0.007
vs. fasted + glc mice; Figure 3A). Renal I/R injury reduced the survival rate of fed + glc mice
(0%) and fed mice (25%) on POD 7 (Figure 3B). Glucose supplementation did not abolish the
protective effect induced by preoperative fasting, as fasted + glc mice had a survival rate equal
to fasted mice (100%, P = 0.003 vs. fed mice and P = 0.000 vs. fed + glc mice; Figure 3B).

Effect of fasting with or without additional glucose supplementation on insulin sensitivity
Preoperative intake of a carbohydrate-rich drink improves insulin sensitivity at the onset of
surgery,” and might be related to reduced development of insulin resistance after surgery.™®
We investigated the effect of oral glucose supplementation on insulin sensitivity in ad
libitum fed mice and 3-day fasted mice with an insulin sensitivity test. At baseline, the blood
glucose levels of fed mice and fed + glc mice were 10.4 + 0.2 mmol/L and 9.4 + 0.2 mmol/L,
respectively (Figure 4A). Three days of fasting significantly lowered the baseline blood glucose
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Figure 3. The effect of preoperative glucose supplementation on kidney function and animal survival. (A) Kidney
function. After renal I/R injury, kidney function was significantly better in fasted mice and fasted + glc mice as
compared with both fed groups. The data are expressed as means + SEM (n = 8 per group). **P < 0.01 vs. fed
mice; #P < 0.01 vs. fed + glc mice. (B) Kaplan Meier survival curve. The survival rates of fasted mice and fasted
+ glc mice were significantly better than those of both fed groups (n = 8 per group). **P < 0.01 vs. fed mice;
#P < 0.01 vs. fed + glc mice.

levels of fasted mice (6.1 = 0.3 mmol/L) as compared to fed mice. Glucose supplementation
during fasting ameliorated this decrease and resulted in blood glucose levels comparable to
those of ad libitum fed mice (11.1 + 0.4 mmol/L). Two hours after an intraperitoneal injection
with insulin, the blood glucose levels of fed mice and fed + glc mice raised above baseline
values. In both fasted groups these values remained lower (Figure 4A). The area under the
curve of the blood glucose levels is inversely proportional to glucose clearance in response
to insulin challenge. Because the area under the curve was significantly lower in fasted + glc
mice (935 + 31) as compared to fed mice (1097 + 10, P = 0.001; Figure 4B), this indicated that
preoperative insulin sensitivity was significantly improved in fasted + glc mice.
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Figure 4. Insulin sensitivity test. (A) After an intraperitoneal injection with a bolus of insulin, the blood glucose
levels of fasted mice and fasted + glc mice remained lower than those of both fed groups. The data are expressed
as means + SEM (n = 8-9 per group). *P < 0.05, **P < 0.01 vs. fed mice. (B) Area under the curve. Preoperative
insulin sensitivity was significantly improved in fasted + glc mice vs. fed mice. The data are expressed as means
+ SEM (n = 8-9 per group). **P < 0.01 vs. fed mice.

Effect of a 3-day reduction in food intake on renal I/R injury
During the fasting regimen, fasted + glc mice obtained approximately 75% of their normal
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calorie intake from the glucose solution. Therefore, we determined whether a 3-day reduction
in calorie intake by approximately 25% also protects against renal I/R injury. For three days,
mice received only 70% of their normal amount of daily food before they were subjected to
bilateral renal I/R injury. During the three days of restriction, these mice lost 8% body weight,
which was similar to the reduction in body weight of the fasted + glc mice (Figure 5A). However,
30% food restriction did not induce protection against renal I/R injury. The survival rate of the
30% food restricted group was 33%, whereas in the fasted + glc group it was 100% (P = 0.011;
Figure 5B). On POD 2, the kidney function was significantly worse in the food restricted mice
(119.7.3 £17.7 vs.43.8 £ 10.5 mmol/L in fasted + glc mice, P=0.011; Figure 5C).
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Figure 5. Three days 30% reduction in food intake does not protect against renal I/R injury. (A) Perioperative
body weights. Mice restricted to 70% of the normal daily calorie intake of fed mice had a similar reduction in
preoperative body weight as compared with the fasted + glc group. The data are expressed as means + SEM
(n = 6-8 per group). (B) Kaplan Meier survival curve. Three days of food restriction had no effect on postoperative
animal survival. Survival rate of the 30% food restricted group was 33% versus 100% in the fasted + glc group
(n = 6-8 per group). *P < 0.05 vs. fasted + glc mice. (C) Kidney function. Following renal I/R, kidney function was
significantly worse in the 30% food restricted group versus the fasted + glc group. The data are expressed as
means + SEM (n = 6-8 per group). *P < 0.05 vs. fasted + glc mice.

Discussion

The robust protection afforded by preoperative fasting on renal I/R injury, we described
previously' is in apparent conflict with the reported benefits of preoperative administration
of carbohydrate-rich drinks on patient subjective well-being'™ and postoperative recovery.'
In the present study, we determined whether the combination of fasting from solid food and

88



Glucose, fasting and renal I/R injury

administration of a carbohydrate-rich drink interferes with the protective effect of preoperative
fasting against renal I/R injury in mice. We show that consumption of an oral glucose solution
during the preoperative fasting regimen has no significant effect on postoperative kidney
function or animal survival. Although fasted + glc mice lose some body weight, ingestion of a
glucose solution during the preoperative fasting regimen prevents the excessive weight loss
seen in water-only fasted animals. In addition, it significantly improves preoperative insulin
sensitivity as compared with ad libitum feeding.

Preoperative fasting has been associated with negative postoperative outcomes including
poor wound healing, increased risk of infection and multiple organ failure.’”” One of the few
clinical applications of preoperative fasting is to reduce the risk of pulmonary aspiration of
regurgitated stomach contents during anesthesia. Although the origins in the 1960s of the
standard “nil by mouth after midnight” fasting policy is somewhat obscure,® today even this
relatively short fasting period is perceived as overcautious and possibly detrimental for patient
subjective well-being and postoperative recovery.?’ However, recently we have shown that
slightly longer fasting periods may be beneficial for an entirely different purpose: protection
against acute oxidative stress induced by renal I/R injury.'

Currently more liberal fasting guidelines allow consumption of solids up to 6 hours before
surgery, and recommend consumption of liquids, including carbohydrate-rich drinks, up to
2 hours prior to surgery.? We show that the benefits of preoperative fasting do not seem to
be mutually exclusive with the benefits of preoperative carbohydrate supplementation. This
may be due in part to the different endpoints addressed by these two different nutritional
interventions. Whereas preoperative fasting may activate endogenous stress resistance,
preoperative carbohydrate consumption may improve measures of patient subjective well-
being such as thirst, hunger, irritability and headache associated with preoperative fasting.?®
The fact that consumption of a glucose solution does not significantly interfere with the
benefits of fasting on postoperative kidney function and animal survival suggests that the lack
of glucose, and possibly other carbohydrates is not the sole trigger underlying the benefits of
preoperative fasting.

The benefits of fasting before general anesthesia remain controversial. Although it is well
known that overnight fasting reduces the risk of pulmonary aspiration during anesthesia,?
other benefits of preoperative fasting in humans are not known. However, in rat transplant
models, fasting of the donor for 3 to 4 days improves the tolerance of the graft to warm and
cold ischemia.?* % In addition, 1 to 3 days of preoperative fasting protects against renal I/R
injury in rats?® and mice.'” Depite these findings, others have reported adverse effects of
preoperative fasting. In isolated rat liver perfusion models, preoperative fasting increases the
hepatic injury after I/R.#2¢ In humans, preoperative overnight fasting reduces subjective well-
being.'>? Studies in healthy volunteers showed that fasting for 48 or 60 hours, but not for 12
hours, induces insulin resistance.?*32 In addition, it has been shown that overnight fasting can
induce insulin resistance. However, in this setting, insulin resistance develops as a result of
preoperative fasting, and adds to the catabolic response to surgery.*
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Development of postoperative insulin resistance is considered to be detrimental, because it is
associated with increased mortality and morbidity,** prolonged hospital stay,* postoperative
infections,®® and decreased wound healing.” Preoperative carbohydrate administration
by an intravenous infusion of a glucose solution or by the oral intake of drinks containing a
carbohydrate mixture as the only energy source, can reduce the degree of postoperative insulin
resistance.’> %1833 |n addition, Svanfeldt et al.”” reported that the intake of carbohydrate-rich
drinks before and after an overnight fasting period enhances preoperative insulin sensitivity
in humans. They suggest that the reduction in postoperative insulin resistance'® may, at least
in part, be mediated by improved preoperative insulin sensitivity. In our study, the baseline
blood glucose levels in water-only fasted mice were significantly lower than in fasted mice that
received a glucose solution during fasting. However, the baseline blood glucose levels of the
fasted + glc mice were not different from that of the fed animals. Nevertheless, preoperative
insulin sensitivity of fasted + glc mice was significantly better than that of fed mice. This strongly
suggests that the insulin sensitivity of water-only fasted mice is also improved, although we
cannot formally prove this because of the lower baseline blood glucose levels of these animals.

In this study we showed that preoperative fasted + glc mice obtained approximately 75% of
the normal calorie intake of fed mice by ingestion of the glucose solution. Although the intake
of calories resulted in substantially less body weight loss during the 3-day fasting regimen, it
had no significant effect on the protection against renal I/R injury. When mice received only
70% of their normal amount of daily food for three consecutive days, a similar reduction in
preoperative body weight was observed. However, this did not protect against renal I/R injury.
These findings suggest that protection against renal I/R injury is not only directly related to an
absolute reduction in calorie intake per se, but also to the absence or surplus of certain food
components. Further experiments are required to investigate which specific food components
induce the protection by preoperative fasting.

The question remains what the mechanism of protection by preoperative fasting
with/or without additional glucose supplementation is. Preoperative fasting with glucose
supplementation improved postoperative kidney function and animal survival, and was
associated with improved preoperative insulin sensitivity. Improved insulin sensitivity is
correlated with reduced baseline insulin/insulin-like growth factor-1 (IGF-1) signaling.®® We
have shown previously that preoperative fasting increases the expression of antioxidant
enzymes, and reduces the expression of inflammatory markers before induction of renal
I/R injury. Accordingly, preoperative fasting results in less oxidative injury, cell death
and inflammation after surgery.’® Our findings suggest that the improved insulin sensitivity
and subsequent reduction in insulin/IGF-1 signaling before renal I/R increases stress
resistance through up-regulation of antioxidant and cytoprotective enzymes.

Sirtuin1 (SIRT1) is a deacetylase induced by food restriction.* In response to oxidative
stress, SIRT1 regulates forkhead box O (FOXO), a family of transcription factors which become
activated when insulin/IGF-1 signaling is reduced.®® Activation of FOXO3a by SIRT1 increases
resistance to oxidative stress and reduces cell death.*® Overexpression of FOXO1 in mouse
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livers improves insulin sensitivity.*' This suggests that a possible mechanism underlying the
protective response by preoperative fasting might involve the activation of SIRT1 and the FOXO
family of transcription factors. Future experiments will be required to determine whether any
of these changes underlie the benefits of preoperative fasting

In the clinical setting, we have shown recently that a preoperative reduction in food intake
is not only feasible in live kidney donors,*? but also induces beneficial changes in the acute
phase response after organ retrieval.** Thus, although the data obtained in mice cannot be
translated to humans directly, our clinical data indicate that preoperative food restriction in
humans is feasible and beneficial. Carbohydrate loading may alleviate the unfavorable effects
of preoperative food restriction on patient well-being, and make preoperative food restriction
in surgical patients more readily applicable.

In conclusion, preoperative fasting may represent a non-invasive method to protect
against renal I/R injury. The benefits of preoperative fasting are not adversely affected by the
ingestion of a glucose solution during fasting. This suggests that the benefits of preoperative
fasting are not necessarily incompatible with the current practice of preoperative carbohydrate
loading. Combining carbohydrate-rich beverages with preoperative fasting may be a clinically
feasible regimen to protect against renal I/R injury without the adverse effects of fasting.
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Chapter 7

Abstract

Preoperative fasting was introduced in the 19" century to reduce the risk of aspiration
pneumonia while patients were under general anesthesia. During the last decades, the
value of preoperative fasting has been questioned, and more liberal guidelines have been
proposed, such as the use of preoperative carbohydrate-rich drinks. Here, we review both
old and new evidence supporting the view that fasting slightly longer than overnight is
beneficial for an entirely different purpose: protection against certain types of stress, such
as ischemia/reperfusion injury. We provide a framework to explain these benefits as well as
future applications and alternatives that could be used to induce the protection afforded by
nutritional interventions.
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Introduction

Perioperative nutrition is a recurrent issue in experimental and clinical research related to
the safety of anesthesia on one hand and the metabolic response to surgical trauma on the
other hand. Studley' in 1936 was the first to report a negative correlation between (excessive)
preoperative weight loss and surgical outcome following major abdominal or thoracic surgery.
Although it is difficult to draw firm conclusions from this study because there was no control
group that failed to lose weight or actually gained weight prior to surgery, in the clinical setting,
malnutrition has been proved to indeed be a risk factor for surgical complications.>*

The appreciation that a large number of hospitalized patients suffer from undernutrition
has further fueled the attention paid to preoperative and postoperative feeding. Preoperative
and postoperative nutritional support not only may reduce the complications of surgery, as
shown in a randomized clinical trial by Beattie et al.,* but also may speed up the postoperative
recovery.5®

As early as 1858, John Snow wrote that the best time for an operation is before breakfast
(thus after a night of fasting), arguing that “the possibility of vomiting constitutes an
unpleasantness and inconvenience which is desirable to avoid.” Anesthesia relaxes the gag
reflex and increases the chance for either pulmonary aspiration or aspiration pneumonia. To
reduce the risk of pulmonary aspiration, patients at the end of the 18" century and in the
early 19™ century were mainly allowed only a cup of tea up to a few hours before surgery.®
With little evidence to prove its usefulness, this practice has evolved to become the accepted
“nil by mouth from midnight” regimen, which has been widely used in the 20" century. During
the last decades, the value of preoperative fasting has been questioned, and it has been shown
recently that the intake of clear fluids up to 2 hours before surgery does not increase the
gastric residual volume or risk of aspiration in comparison with overnight fasting.'® Nowadays,
a 6-hour fast from solid foods and a 2-hour fast from clear liquids prior to surgery are accepted
as safe for healthy individuals.’® Along with the increasing understanding that patients require
an optimal nutritional status before surgery, it has been shown that surgery induces resistance
to the actions of insulin, which may be ameliorated by the preoperative administration of
carbohydrates. Randomized studies in which glucose was administered either as an infusion
or as a carbohydrate-rich drink taken 2 to 3 hours before surgery found that glucose reduced
postoperative insulin resistance and increased the subjective well-being of patients before and
after surgery.''¢

Although the literature is replete with studies showing the adverse effects of the fasted
state for surgical patients,””® there are a number of older studies as well as emerging new
data in the field indicating that different types of dietary restriction (DR; i.e., reduced food
intake without malnutrition) in well-nourished patients may in fact be beneficial as a way of
protecting against acute organ stress. DR can be performed by means of different regimens
such as calorie restriction (CR; i.e., reduced daily calorie intake), fasting (no food intake), and
alternate day fasting (ADF), which are associated in the experimental literature with lifespan

119



Chapter 7

extension and increased stress resistance in a wide range of organisms.?>2 In this review,
we provide an overview of the studies lending support to the beneficial effects of DR in the
context of increased resistance to surgical stress in the liver. More generally, we provide a
perspective that attempts to explain how various types of DR, including CR, fasting, and ADF,
up-regulate endogenous cell resistance mechanisms and how these benefits may be further
explored in liver transplantation and surgery.

Fasting protects against hepatic ischemia/reperfusion injury

Ischemia/reperfusion (I/R) injury is unavoidable during liver transplantation and is commonly
induced during liver resections when vascular occlusion techniques, such as the Pringle
maneuver, are used. The effects of fasting on I/Rinjury were investigated in the 1990s, because it
was suggested that donor nutritional status may affect the outcome after liver transplantation
and that starvation of donors, due to prolonged stays in the intensive care unit, may adversely
affect the transplanted liver.?

Aiming to investigate the effects of the duration of donor fasting on the outcome after
orthotopic liver transplantation (OLT) in a rat model, Sumimoto et al.?* found to their surprise
that livers from fasted donors were more viable than livers from fed donors. After 45 minutes of
warm ischemia, 50% of the recipients survived when the liver was obtained from a fed donor,
whereas 80% survived when the liver was obtained from a 3-day-fasted donor. Increasing
the warm ischemia time to 60 minutes resulted in 100% mortality in the fed donor group. In
contrast, when the donor was fasted for 3 days, 89% of the transplanted animals survived for
7 days. Livers that were cold-stored for 30 hours were 50% viable, and fasting for 1 to 3 days
did not affect this outcome. However, when the donor was fasted for 4 days, 100% survival was
obtained. After 44 hours of cold preservation, only 29% of the recipients survived for 7 days.
When the donor was fasted for 4 days, survival increased to 83%. In addition, liver function, bile
production, and serum aminotransferases were better in livers from the fasted donors than in
livers from the surviving fed rats (Table 1).

The glycogen content of the liver has been studied as a possible factor determining
the outcome after OLT. As glycogen provides energy to maintain cellular function, glycogen
was expected to reduce ischemic preservation injury. The results of these experiments
were somewhat paradoxical because both fasting (glycogen depletion) and feeding plus
oral glucose supplementation (glycogen restoration) were beneficial for survival after the
transplantation of cold-stored liver grafts. Glucose supplementation in rats, prior to the
harvesting of the liver, could result in newly synthesized glycogen, which could lead to
reduced hepatocellular damage.?® Because this study also found that fasting and fasting plus
oral glucose supplementation had similar beneficial effects, an alternative explanation is that
the glucose-supplemented rats obtained their calories from glucose and consumed less chow
and thus were restricted in calorie intake from food. However, Sumimoto et al.?’ reported that,
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in a rat model, 4 days of donor fasting resulted in the highest survival rate of the recipient,
whereas the fasted group with glucose supplementation had high glycogen levels but the
worst survival rates.

In 1995, Sankary et al.?® showed that recipient survival after OLT in a rat model after 12
hours of cold ischemia was significantly higher with donors that were fasted for 48 hours versus
ad libitum fed donors. In addition, they showed that fasting was associated with significantly
lower tumor necrosis factor alpha serum levels after transplantation, which suggested lower
Kupffer cell activation.

When cells are exposed to stress, the expression of heat shock proteins (HSPs) is
transcriptionally up-regulated.?® HSPs are cytoprotective molecular chaperones that aid in
protein folding, refolding, and degradation. In 1998, Takahashi et al.*® showed that HSP60 and
HSP70 were up-regulated in livers from fasted rats after 72 hours of cold storage. These fasted
livers were significantly more viable than normal fed livers after cold storage. Recent data
suggest that HSP70 is hepato-protective during hepatic I/R injury, and this suggests that up-
regulation of HSPs is (partially) responsible for the protective effect of fasting.*

Using a similar model, Uchida et al.>? showed in 2000 that 4 days of fasting significantly
increased the levels of heme oxygenase in the liver after 24 hours of cold storage. As heme
oxygenase-1 (HO-1) is an inducible stress protein that confers cytoprotection against oxidative
stress in vitro and in vivo and up-regulation of HO-1 has been shown to confer protection
against hepatic cold preservation injury, it is likely also involved in the protective effect
of fasting.® In contrast, fasting for 36 hours in male rats reduced the levels of catalase and
copper-zinc superoxide dismutase (antioxidant enzymes), whereas the activity of glutathione
peroxidase remained the same.?*

The effect of donor fasting was also studied in a large animal model. Donor pigs were
divided into 3 groups: group 1 was fasted for 7 days and received an intravenous administration
of saline, group 2 was fed ad libitum, and group 3 was fasted for 7 days but was given 20%
glucose intravenously. The mean survival time after OLT in the last group (group 3) was 37.2
days, which was significantly longer than the periods of 5.8 + 0.7 and 9.8 + 2.0 days in groups
1 and 2, respectively.®® In another study, 5 days of fasting resulted in deteriorated adenosine
triphosphate synthesis and less sinusoidal lining cell viability in comparison with 1 day of
fasting. The survival in the 1-day-fasted group was 75% (1/4, death due to a technical error),
in contrast to 25% in the 5-day-fasted group.® Both studies indicate that extended periods of
fasting in pigs do not protect against I/R injury in an OLT model.

Several studies used isolated perfusion models of the liver to examine the effect of
nutritional interventions on I/R injury after cold and/or warm storage. The results of these
studies differ from those of the orthotopic transplant models. With isolated liver perfusion,
fasted livers release more aminotransferases in the perfusate than livers of fed animals.3”4°
These studies suggest that isolated liver perfusion is not a suitable model to reveal the
beneficial effects of fasting observed in in vivo studies.

The previous results were obtained using animals with healthy livers. Fatty livers are
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known to be more sensitive to the deleterious effects of I/R injury, and livers with more
than 60% steatosis are currently regarded as unsuitable for transplantation.”’ Because the
incidence of obesity and the concomitant incidence of steatosis are rapidly increasing,*>“ this
leads to the loss of potential donors. In 1999, Caraceni et al.* used fed and fasted rats with
normal or fatty livers (induced by a choline-deficient diet) that underwent 1 hour of warm
hepatic ischemia followed by reperfusion. Although survival was similar in fasted and fed rats
with normal livers (90% vs. 100%), 18 hours of water-only fasting dramatically reduced the
survival in rats with fatty livers (14% vs. 64%). The duration of the fasting period could be a
determining factor. In rats with steatosis induced by a choline-deficient diet for 28 days, 2 or
4 days of fasting had no effect on the severity of steatosis but afforded a time-dependent
increase in the protection against warm and cold preservation injury and I/R injury.®

In summary, fasting for 1 to 4 days protects livers from cold preservation injury and
results in higher survival rates after OLT in animal studies. Proposed mechanisms include up-
regulation of cytoprotective molecules such as HSPs and HO-1. The depletion or augmentation
of donor glycogen stores does not affect the outcome. The beneficial effects of preoperative
fasting were not found when isolated liver perfusion models were used.

A framework to understand the beneficial effect of fasting

Why did former studies showing beneficial effects of fasting, with their enormous potential
to influence preoperative nutritional care, have so little measurable impact in the past
decade and a half since they were first published? First, these studies were published at a
time when a shiftin preoperative nutritional care was underway, namely, the replacement of
strict preoperative overnight fasting guidelines with more liberal ones and later with liquid
carbohydrate-rich beverages specifically used to avoid the catabolic state associated with
fasting and to improve subjective perioperative well-being."'® Second, a number of previous
and subsequent studies demonstrated detrimental effects of fasting and/or malnutrition in
various different experimental systems (e.g. isolated liver perfusion), leaving the overall picture
cloudy and controversial.’**¢ 4’ Finally, these studies lacked a mechanistic framework by which
to understand the results and make predictions about what would and would not work and
why, and this is essential in order to have an impact on clinical practice. In this section, we aim
to provide a framework for understanding these results.

The effects of long-term DR regimens have been widely studied and provide mechanistic
insights with which the effect of DR on acute stress resistance may be explained. DR is the
most robust, noninvasive intervention that increases lifespan and reduces the rate of aging.*®
This life-extending action has been found to occur in both genders of many different rat and
mouse strains as well as hamsters and non-mammalian species such as fish, flies, and water
fleas.***3 Long-term DR lowers steady-state levels of oxidative stress, decreases mitochondrial
electron and proton leak in mammalian cells, attenuates damage resulting from intracellular
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oxidative stress,?> *** reduces susceptibility to chronic diseases, and retards age-associated
functional decline.?”*” DR also augments antioxidant defense systems and increases stress
resistance to both oxidative and non-oxidative challenges in models of extended longevity.
Hormesis is a common biological phenomenon in which exposure to a low-intensity stressor
induces a general adaptive response that has net beneficial effects on the cellular and/or
organismal level, including protection against subsequent higher dose exposures as well
as different types of stress.’®%° DR has been proposed to act as a mild stressor that extends
longevity through hormetic mechanisms.® ¢ Interestingly, ischemic preconditioning, a
procedure used to protect against ischemic insult that entails brief periods of ischemia prior
to a longer ischemia time, is also thought to function via hormesis.%

DR may be performed by various regimens, such as CR, fasting, and ADF. CR refers to an
intervention in which the number of total daily calories provided to an animal or organism
is limited to a certain percentage of the animals normal daily intake. ADF regimens involve
alternating “feast days” on which food is consumed ad libitum and “fast days” on which food
is withheld. A key difference in the ADF approach is that the overall calorie intake does not
need to be limited. The alternating days of fasting are sufficient to act as low-dose stressors
inducing a hormetic response,® which can also extend lifespan and protect multiple organ
systems against diseases in rodents.®> % All regimens can be applied for longer (lifetime years)
or shorter (months or days) time periods (Figure 1). Although long-term regimens induce many
beneficial effects, 4 weeks of CR is able to induce many of the genomic expression changes
seen after long-term CR. Short-term CR induced all of the changes seen after long-term CR
in xenobiotic metabolism and stress response/chaperone protein gene expression. It also
reproduced 67% of the effects of long-term CR on inflammatory response gene expression.
These results suggest that the effects seen after long-term CR are induced rapidly and that
short-term and long-term CR may act via a common protective mechanism.®’

Although the mechanisms responsible for the up-regulation of defense systems during
both long-term and short-term DR are not well understood, we are now able to see a
mechanistic framework to explain the early studies on nutritional interventions in liver donors.
The data and insights discussed next reveal new areas of applications that may therapeutically
benefit from the changes triggered by the low-grade stress induced by DR as predicted by
the hormesis hypothesis.

Protection by short-term DR extends to other organs and is not limited to
ischemia/reperfusion injury

Studies have been reported in which DR has been used in the context of enhanced stress
resistance to prevent or reduce injury in clinically relevant situations, such as I/R injury. As
described next, different organ systems such as the brain, heart, liver, and retina have been
shown to enjoy protection by various forms of clinically applicable DR regimens.
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dietary restriction

/\

with a reduction in energy intake without a reduction in energy intake
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calorie calorie days of day
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v v v v

increased stress resistance

Figure 1. Overview of various forms of dietary restriction that are capable of inducing increased stress resistance.
Calorie restriction refers to an intervention in which the total number of daily calories provided to an animal or
organism is limited to a certain percentage of the animals ad libitum daily intake. Alternate day fasting regimens
involve alternating “feast days” on which food is consumed ad libitum and “fast days” on which food is withheld.

Broad protection against ischemia/reperfusion injury

DR has recently been shown to facilitate the functional recovery of ischemically damaged
neurons in the brain. The performance of DR rats in spatial tasks after an ischemic insult,
such as the radial arm maze, was significantly better than that of ad libitum fed rats.®®
Furthermore, DR prior to cerebral I/R injury resulted in a highly significant decrease in infarct
volume in comparison with the ad libitum fed group. Immunoblot analysis showed that levels
of HSP70 were greatly increased in the neuronal tissue of DR mice compared with ad libitum
fed controls.%? In the heart, DR attenuated the post-ischemic inflammatory response of rats
subjected to 15 minutes of partial cardiac I/R injury in comparison with ad libitum fed animals.
This was shown by a reduced activation of nuclear factor kappa beta and a faster return to
baseline of antioxidant enzymes.” Similar benefits were found in the retinas of rats subjected
to DR. DR was neuroprotective in the retina following ischemia, and this was associated with
increased levels of HSP70.”

Unfortunately, the onset of heart attack and cerebral ischemia is unpredictable and thus
not readily amenable to planned nutritional interventions. However, Plunet et al.”? showed
that DR may also be effective when applied after the injury. After surgical induction of cervical
spinal injury, rats that were on DR showed a 50% reduction in lesion volume and improved
regeneration and behavioral recovery.

DR protects the liver against various toxic insults

DR for 3 weeks protected rats against a lethal dose of the hepatotoxic compound thioacet-
amide (TA). DR rats showed 70% survival vs. 10% survival in ad libitum fed rats. Paradoxically,
DR and ad libitum fed animals showed similar hepatocellular injury, and the survival benefit
was due to stimulation of tissue repair in the DR group resulting in the arrest of progressive
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injury and enhanced regeneration.”® Expression of hepatocyte growth factor was consistently
higher in the livers of DR rats after the administration of TA. Epidermal growth factor receptor
expression was higher in DR rats before TA administration and remained higher until 48
hours after TA intoxication. DR induced a 2-fold increase in hepatic inducible nitric oxide
synthase activity, which was consistent with early cell division in DR rats after TA challenge.
These data suggest that the augmented liver tissue repair after TA-induced hepatotoxicity
in DR rats was due to faster and higher expression of growth stimulatory cytokines and
growth factors.”* Protection from acetaminophen hepatotoxicity was found in mice that
had been exposed to DR for 8 months, as shown by negligible increases in serum alanine
aminotransferase and lactate dehydrogenase in the DR group and high levels of alanine
aminotransferase and lactate dehydrogenase in the ad libitum fed controls.”®

Discussion and future perspectives

Although animal studies suggest potential uses for DR in the clinic, there are several drawbacks
that need attention. Randomized clinical trials have shown that preoperative carbohydrate-
rich drinks contribute to better insulin sensitivity and increased patient well-being. However,
clinical studies on the effects of preoperative DR are currently lacking. Recently, a study
was published in which human subjects adhered to a DR diet for 3 months, which led to a
significant increase in verbal memory scores in comparison with the ad libitum fed group.”®
In addition, the Comprehensive Assessment of Long-Term Effects of Reducing Intake of
Energy (CALERIE) trial reported a reduced risk for cardiovascular events in healthy non-obese
individuals”” and improved insulin sensitivity in non-obese humans adhering to a DR diet.”®
Furthermore, overweight patients with asthma subjected to DR revealed improved well-being
and reduced levels of circulating tumor necrosis factor alpha, brain-derived neurotrophic
factor, and ceramides.”” These studies indicate that DR in humans is feasible and capable of
exerting beneficial effects. However, more clinical studies are needed to develop DR regimens
(length, reduction, and timing) for different pathological conditions.

Second, animal studies have shown that DR protects organs against various forms of
stress. It is not known whether surgical patients benefit more from preoperative feeding or
from the beneficial effects of DR on an organ-specific level. Recently, it was shown that 2 days
of fasting was able to confer protection against the adverse side effects of a high dose of the
chemotherapeutic agent etoposide in mice.* #' Etoposide displays a generalized toxicity
profile ranging from myelosuppression to liver and neurological damage. This suggests that
DR acts on an organismal level rather than on a single organ-specific level.

Third, protein restriction without a reduction in calories has been shown to increase
maximum longevity in rats and mice as well.8? Although the magnitude of these increases
is around 30% to 40% of that of DR, neither carbohydrate® nor lipid restriction® & exerted
these effects. Restriction of proteins could therefore be another way to induce the effects seen
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after DR. These data also suggest that the beneficial effects of preoperative carbohydrate-rich
drinks and DR may not be mutually exclusive.

Finally, the use of DR mimetics may be a way to overcome the problems associated
with DR in surgical patients. A DR mimetic can be loosely defined as any pharmacological
intervention that produces beneficial effects of DR without causing or requiring a significant
reduction in calorie intake. One compound that has received considerable attention as a DR
mimetic is resveratrol, a naturally occurring polyphenol found in red wine. Resveratrol induces
genomic changes that resemble many of the genetic alterations induced by DR®* and, at doses
that can be readily achieved in humans, mimics aspects of DR, including increased resistance
to oxidative stress.®” % In addition, resveratrol treatment decreases liver injury induced by I/R
injury by significantly increasing glutathione reductase, copper-zinc superoxide dismutase,
and catalase activities.®

Conclusions

Together, these results support an emerging view that the increased resistance to stress that is
associated with longevity in animals on long-term DR may be tapped for short-term benefits.
These range from neuroprotection and resistance to the adverse effects of chemotherapy to
protection against preservation and I/R injury in organ allografts, cardiothoracic surgery, and
liver resection. Although these data are robust and convincing, more research is needed to
identify the appropriate diet for each condition. The notion that protein restriction and not DR
per se can induce similar effects may offer new avenues for combining preoperative nutrition
(carbohydrate-rich beverages) with restriction of proteins and thereby protecting the target
organ without compromising patient well-being. Furthermore, new drugs are able to mimic
the protective effects of DR and must be studied more extensively with respect to I/R injury of
the liver.
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Chapter 8

Abstract

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 mechanisms of protection induced by
fasting, and we determined the effect on liver regeneration after partial hepatectomy. Partial
hepatic 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 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. Preoperative 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-o. expression
significantly increased after one-third hepatectomy in 3-day fasted mice. After a 3-day fast
and two-thirds hepatectomy, 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 baseline and a better response after reperfusion
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.
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Introduction

The temporary occlusion of the hepatic inflow (Pringle maneuver) or the hepatic inflow and
outflow (total hepatic vascular occlusion) are techniques routinely used during extended liver
surgeries such as hepatic resection and liver transplantation.” 2 These prolonged 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 reperfusion. It is considered to be a risk factor for potentially lethal primary or
delayed non-function of the liver** and for distant damage to organs such as the kidneys,
heart, and lungs.> ¢ 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 consequences of hepatic I/R injury during liver surgery and liver transplantation, the
development of a protective strategy 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.” DR is
associated not only with extended longevity but also with prolonged healthspan® ° and
improved resistance against multiple stressors.”®'> We have shown recently that fasting can
rapidly induce DR-like effects on the combined levels of gene expression, physiology, and
stress resistance.” 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/Rinjury in
liver transplant models,'* 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,' and the issue has been mired in controversy
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 outcome 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 peroxidase 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 Harlan (Horst, the Netherlands). All mice had
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free access to water and chow (Special Diet Services, Witham, UK) 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 = 2-4 animals per cage). No deaths occurred during these fasting
periods. The experimental 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/N,/O, inhalation and placed on a heating pad for maintenance 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 a non-traumatic microvascular clamp for 75
minutes. After clamp removal, the restoration of blood flow in the ischemic liver lobes was
monitored. Mortality associated 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 = 4-5 per time point), 1-day fasted mice (n = 2-3 per time point),
2-day fasted mice (n = 6-7 per time point), and 3-day fasted mice (n = 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
(ALAT) level at the Central Clinical Chemical Laboratory of the Erasmus University Medical
Center. Hemorrhagic necrosis was assessed 24 hours after reperfusion in 3 pum thick
Hematoxylin and Eosin stained liver sections from preoperatively fed mice (n = 8), 1-day fasted
mice (n =5), 2-day fasted mice (n = 3), and 3-day fasted mice (n = 11) at a magnification of 100x
(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 presence of erythrocytes in necrotic areas. The percentage of hemorrhagic necrosis per
microscopic field was semiquantitatively determined with the following scoring 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 pm) from preoperatively fed mice (n = 3-6 per time point) and 3-day
fasted mice (n = 4-5 per time point) before (baseline) and 6 and 24 hours after reperfusion
were stained with a monoclonal antibody against neutrophils and visualized with an alkaline
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phosphatase secondary antibody. For proliferating cell nuclear antigen (PCNA), paraffin
embedded (3 um) liver sections from preoperatively fed mice (n = 4-6 per time point per
treatment) and 3-day fasted mice (n = 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 monoclonal
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 percentage of PCNA-positive cells with respect to the total number of cells) was
counted by independent observers blinded to the treatment at magnifications of 200 to 400x.

Superoxide radical production

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

Hepatic oxidative stress

Lipid peroxidation, an index for oxidative damage to lipids, was assessed by colorimetric
determination of thiobarbituric acid reactive substances (TBARS) in livers from preoperatively
fed mice (n = 4-6 per time point) and 3-day fasted mice (n =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, USA) according to manufacturer’s instructions. The TBARS
concentration was expressed as the malondialdehyde (MDA) production (nhM/mg of protein).
Each sample was tested three times.

Liver weight/total body weight ratio

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

Quantitative RT-PCR

With the TRIzol reagent (Invitrogen, Breda, the Netherlands), total RNA was extracted from
frozen liver tissues obtained from preoperatively fed mice (n = 3-4 per time point) and 3-day
fasted mice (n = 3-5 per time point) before (baseline) and 6 and 24 hours after reperfusion,
and from preoperatively fed mice (n = 4-6 per time point per treatment) and 3-day fasted
mice (n = 3-6 per time point per treatment) before (baseline) 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)
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and reverse-transcribed to complementary DNA with random hexamer primers and Superscript
Il RT (both from Invitrogen, Breda, the Netherlands) according to manufacturer’s instructions.
Quantitative RT-PCR was performed with a MyiQ single-color, real-time polymerase 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 24t sample - Actcontrol (ACt js the difference in the cycle threshold).
Each sample was tested at least twice.

Statistical Analysis
The data are expressed as means = SEM. Differences in groups were analyzed by Mann-
Whitney U tests (SPSSv15). Differences were considered significant at P < 0.05.

Results

Preoperative fasting protected against hepatic I/R injury.

Six hours after reperfusion, serum ALAT levels were significantly lower in 2-day fasted mice
(5603 + 1446 U/L, P = 0.004) and 3-day fasted mice (6642 + 1109 U/L, P = 0.004) versus ad
libitum fed mice (16196 + 456 U/L; Figure 1A). Twenty-four hours after reperfusion, serum
ALAT levels remained significantly lower in 2-day fasted mice (1593 + 598 U/L, P = 0.03) and
3-day fasted mice (1880 + 332 U/L, P = 0.02) versus the control group (4356 + 920 U/L). The
histological examination of livers (Figure 1B) from 2-day fasted mice and 3-day fasted mice
revealed significantly smaller areas of hemorrhagic necrosis in comparison with livers from fed
mice (25% in 2-day fasted mice and 28% in 3-day fasted mice vs. 69% in fed mice, P = 0.01 vs.
2-day fasted mice and P = 0.001 vs. 3-day fasted mice).
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Figure 1. Hepatocellular injury. (A) After reperfusion, the serum ALAT 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 + SEM.
*P < 0.05, **P < 0.01 vs. preoperatively fed mice.
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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 proteins,"” whereas the second phase is characterized by the release of
pro-inflammatory cytokines such as interleukin-6 (IL-6), the expression of adhesion molecules
such as P-selectin, and the subsequent infiltration of neutrophils.’® 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 fasted mice (644 + 41 vs. 1453 + 235 in livers from fed mice, P = 0.02; Figure 2A).
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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 (left graph) and IL-6 (right graph)
mMRNA 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 baseline. (D) Fewer
neutrophils were detected in livers from preoperatively fasted mice. The data are expressed as means + SEM.
*P < 0.05 vs. preoperatively fed mice.
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Significantly lower lipid peroxidation levels were found in livers from fasted mice 24 hours
after reperfusion (7.5 £ 1.0 vs. 11.7 + 0.9 nM MDA/mg of protein in livers from fed mice, P=0.02;
Figure 2B). Hepatic messenger RNA (mRNA) expression levels for P-selectin and IL-6 were
significantly higher in fasted livers at baseline (P-selectin, 4.2 + 1.4 vs. 0.7 + 0.1 in livers from fed
mice, P =0.03; IL-6, 3.6 £ 1.2 vs. 1.1 £ 0.2 in livers from fed mice, P = 0.05; Figure 2C). Six hours
after reperfusion, both inflammatory markers were significantly lower in livers from fasted mice
(P-selectin, P = 0.03 vs. livers from fed mice; IL-6, P = 0.02 vs. livers from fed mice). Twenty-four
hours after reperfusion, this difference remained significant for P-selectin (P = 0.03); for IL-6,
P was not significant versus livers from fed mice (Figure 2C). Significantly fewer neutrophils
were present in livers from fasted mice (P = 0.02) 24 hours after reperfusion (Figure 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
hepatocellular injury.’2° We investigated the effect of 3 days of preoperative fasting on
heat shock protein70 (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 baseline, HO-1 expression was up-regulated 8-fold in livers from fasted mice (8.8 £ 2.2
vs. 1.1 £ 0.2 in fed mice, P = 0.01; Figure 3A). Six hours after reperfusion, HO-1 expression
significantly increased in livers from both groups versus baseline (fasted mice, 23.3-fold
increase, P = 0.01; fed mice, 15.0-fold increase, P = 0.02), and there were significantly higher
levels in livers from fasted mice versus those from fed mice (203.8 £ 51.9 vs. 16.5 + 2.1,
P = 0.02; Figure 3A). HO-1 expression did not significantly change in livers from fed mice 24
hours after reperfusion versus 6 hours after reperfusion, whereas in fasted mice, it returned
to baseline. No significant difference in HSP70 expression was found at baseline (Figure 3B)
or 6 hours after reperfusion, at which time HSP70 expression peaked in both groups before
it returned to baseline values 24 hours after reperfusion. In livers from 3-day fasted mice,
expression levels of SOD2, Gpx1, and Gsr were significantly up-regulated at baseline (SOD2,
2.7+ 0.2 vs. 1.0 £ 0.1 in livers from fed mice, P = 0.01; Gpx1, 1.4 + 0.1 vs. 1.0 £ 0.0 in livers
from fed mice, P=10.03; Gsr, 3.9 £ 0.8 vs. 1.0 £ 0.1 in livers from fed mice, P=0.01; Figures 3C-E).
In the fasted group, SOD2 expression increased 4.2 times (5.9 £ 1.9 vs. 1.4 = 0.1 in livers from
fed mice, P = 0.03), Gpx1 expression increased 2.5 times (1.5 + 0.5 vs. 0.6 £ 0.0 in livers from
fed mice, P =0.03), Gsr expression increased 5.0 times (13.4 + 4.8 vs. 2.7 £ 0.0 in livers from fed
mice, P = 0.03), and SOD1 expression increased 3.6 times (4.0+ 0.6 vs. 1.1 £ 0.2 in livers from
fed mice, P = 0.02) 6 hours after reperfusion (Figure 3F). SOD2 (4.4 £ 1.5), Gpx1 (0.8 = 0.1),
Gsr (8.9 £ 3.1), and SOD1 expression levels (2.0 + 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 significant changes in expression levels were observed in comparison
with livers from fed mice 6 hours after reperfusion.
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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 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 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 baseline. The data are expressed as means + SEM.
*P < 0.05,**P < 0.01 vs. preoperatively fed mice.

Fasting did not affect liver regeneration after PH

An important determinant of postoperative liver function is the capacity of the liver to
regenerate. To investigate 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 PH were determined. At baseline, significant decreases in the liver weight (P = 0.05)
and the total body weight (P = 0.05) were observed in fasted mice versus fed mice (Figure 4A).
Fasted mice had significantly lower liver weight/total body weight ratios (0.04 + 0.00 vs.
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0.05 + 0.00 in fed mice, P = 0.05; Figure 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 eating
rapidly when they regained access to food. On postresection day 5, remnant livers from fasted
mice with or without one-third PH were significantly heavier than baseline values (fasting
and one-third PH, P = 0.03; fasting without PH, P = 0.03), whereas the liver weight of fed mice
was significantly lower after one-third PH (P = 0.03 vs. 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 = 0.02 vs. fed mice; fasting without PH,
P =0.01 vs. fed mice; Figure 4C). Fasted mice had significantly higher liver weight/total body
weight ratios on postresection day 5 fasting and one-third PH, [0.06 + 0.00, P=0.01 vs. fed mice
(0.04 £ 0.00); fasting without PH, 0.07 £ 0.00, P = 0.02 vs. fed mice; Figure 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 postoperative
day 5 (Figure 4E). We next investigated hepatocyte proliferation with PCNA staining (Figure 4F).
At baseline, the PCNA index for livers from fasted mice was 0.3%, and the index for livers from
fed mice was 5.0% (P was not significant). After one-third PH, the PCNA index peaked at 48
hours without a significant difference between the 2 groups (22.5% vs. 34.2% in fed mice).
Because one-third PH is a minor challenge that may not induce the full regenerative response,”
we next investigated the effect of 3 days of fasting on regeneration 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%; fasted mice, 6.0%) vs. the remnant livers
of these groups after one-third PH (fed mice, 9.5%; fasted mice, 12.5%; Figure 4F). However, at
48 hours, a lower PCNA index was found in livers from fasted mice (10.7%) versus livers from
fed mice (22.6%) or mice after one-third PH.

Fasting differentially affected cytokine and growth factor expression after PH

Because liver regeneration is initiated by the expression of genes involved in hepatic growth
and proliferation, such as tumor necrosis factor-alpha (TNF-0)?? and IL-6, we investigated the
effects of preoperative fasting on these markers with qRT-PCR. At baseline, TNF-a expression
was significantly lower in livers from fasted mice (0.4 = 0.1 vs. 1.1 + 0.2 in fed mice, P = 0.03).
Twenty-four hours after one-third PH, TNF-a expression significantly increased in livers from
fasted mice (8.6 £ 2.1 vs. 1.6 + 0.6 in fed mice, P =0.009), before it returned toward baseline
values 48 hours after resection (Figure 5A). Removal of two-thirds of the liver slightly increased
TNF-a expression in the livers of fasted mice at 24 hours (11.1 £ 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 (Figure 5A). Before PH, IL-6 expression was significantly up-
regulated in livers from fasted mice (3.6 £ 1.2 vs. 1.1 £ 0.2 in fed mice, P = 0.05), and it remained
elevated until 24 hours after one-third PH (6.8 £ 1.4 vs. 1.6 £ 0.1 in fed mice, P = 0.01); after
that, the levels dropped by 48 hours; Figure 5B). After one-third PH, IL-6 expression remained
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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 baseline. (C) Livers from preoperatively fasted mice
with or without one-third PH were significantly heavier on postoperative day 5. (D) On post-resection day 5, the
liver weight/total body weight ratio was 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
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 + SEM.
*P < 0.05 vs. preoperatively fed mice.

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 (Figure 5B). Transforming
growth factor-beta 1 (TGF-B1) is one of the factors involved in the termination response of
liver regeneration.?* Before PH, expression levels were significantly up-regulated in fasted
livers (1.8 £ 0.4 vs. 1.0 = 0.1 in livers from fed mice, P = 0.02; Figure 5C). After one-third PH,

143



Chapter 8

significantly higher expression levels were found in livers from fasted mice (24 hours, 3.0 times
higher vs. fed mice, P = 0.009; 48 hours, 2.8 times higher vs. fed mice, P = 0.03), whereas after
two-thirds PH, no significant difference was found between the 2 groups (Figure 5C).
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Figure 5. Growth factor kinetics after PH. (A) Hepatic mRNA expression levels of TNF-o. 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 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 relative to preoperatively fed mice at baseline. The data are expressed as means + SEM. *P < 0.05,
**P < 0.01 vs. preoperatively fed mice.

Discussion

Long-term DRis associated with extended longevity and improved stress resistance in multiple
experimental models. We have shown recently that the beneficial effects of DR are induced
rapidly. Short-term DR and brief periods of fasting induce many of the transcriptional changes
observed after long-term DR, and both protect against I/R injury."* The objective of the present
study was to elucidate the mechanisms of protection 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 baseline and by a more expeditious
and pronounced response after reperfusion. Finally, we show that preoperative fasting does
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not affect liver regeneration after one-third hepatectomy, but compromises liver regeneration
and subsequent postoperative recovery after two-thirds hepatectomy.

In agreement with previous studies,*2® we found that hepatic I/R resulted in increased
superoxide radical formation, increased lipid peroxidation, up-regulation of P-selectin and
IL-6 mRNA expression levels, and increased neutrophil infiltration. Although at 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 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.?’ In addition, pharmacologically induced baseline HO-1 overexpression decreases I/R-
mediated hepatocellular injury in several animal models. For example, pretreatment with the
HO-1 inducer cobalt protoporphyrin reduces hepatocellular injury after reperfusion in rat and
mouse models.?*32 In contrast, inhibition of HO-1 expression in the liver at baseline and after
reperfusion results in higher serum ALAT levels, more hepatocellular necrosis and apoptosis,
higher neutrophil numbers, and increased pro-inflammatory cytokine synthesis.>’ Our finding
that 3 days of fasting induced HO-1 and strongly increased its expression after reperfusion
indicates that HO-1 plays an important 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.”” 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.® 3* We have
demonstrated that fasting for 3 days significantly increases the expression of the antioxidants
SOD2, Gpx1, and Gsr at 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 oxidative stress. In addition, the slight increase in IL-6 and P-selectin expression at
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* we chose to study PH per se without
concomitant hepatic ischemia.

In accordance with previous observations,* 3’ we found a decrease in the liver weight
after 3 days of fasting. Five days after one-third PH, the livers of preoperatively 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.®*° 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
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one-third PH. After a correction 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-q, IL-6, and
TGF-B1 showed a stronger and more expeditious response in the livers of preoperatively fasted
mice. This suggests that, to compensate for the hepatic injury caused by fasting at baseline,
higher TNF-a and IL-6 levels 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 challenge?' 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 subsequent postoperative recovery and well-being after extended hepatectomy are
compromised.

Two-thirds hepatectomy induced a stronger response of TNF-q, IL-6, and TGF-B1 than
one-third hepatectomy. It has been shown that the preservation of glycogen metabolism
after hepatectomy is an important determinant for animal survival.*’ Depletion of the
glycogen stores by fasting and PH up-regulates the expression of IL-6, which stimulates
glycogenesis by the liver.*? Because two-thirds PH depletes liver glycogen stores more severely
than one-third PH, it may be that the balance between the functions of IL-6 in proliferation
and inflammation shifts toward an inflammatory-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 proliferation, and the high IL-6 levels 48 hours after two-thirds hepatectomy
collectively suggest that preoperative fasting prevents adequate liver regeneration after major
liver resection.

In conclusion, this study shows that preoperative fasting ameliorates hepatic I/R injury via
up-regulation 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. Baseline up-regulation of IL-6 and TGF-B1 suggests that preoperative fasting
acts as a low-level stressor and preconditions the liver for other types of stress such as hepatic
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 resections, although its effect on extended hepatectomy warrants further exploration.
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