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Abstract

Background: The gut is a major energy consumer, but a comprehensive overview of the adaptive
response to fasting is lacking. Gene-expression profiling, pathway analysis, and
immunohistochemistry were therefore carried out on mouse small intestine after 0, 12, 24, and 72
hours of fasting.

Results: Intestinal weight declined to 50% of control, but this loss of tissue mass was distributed
proportionally among the gut's structural components, so that the microarrays' tissue base
remained unaffected. Unsupervised hierarchical clustering of the microarrays revealed that the
successive time points separated into distinct branches. Pathway analysis depicted a pronounced,
but transient early response that peaked at |12 hours, and a late response that became progressively
more pronounced with continued fasting. Early changes in gene expression were compatible with
a cellular deficiency in glutamine, and metabolic adaptations directed at glutamine conservation,
inhibition of pyruvate oxidation, stimulation of glutamate catabolism via aspartate and
phosphoenolpyruvate to lactate, and enhanced fatty-acid oxidation and ketone-body synthesis. In
addition, the expression of key genes involved in cell cycling and apoptosis was suppressed. At 24
hours of fasting, many of the early adaptive changes abated. Major changes upon continued fasting
implied the production of glucose rather than lactate from carbohydrate backbones, a
downregulation of fatty-acid oxidation and a very strong downregulation of the electron-transport
chain. Cell cycling and apoptosis remained suppressed.

Conclusion: The changes in gene expression indicate that the small intestine rapidly looses mass
during fasting to generate lactate or glucose and ketone bodies. Meanwhile, intestinal architecture
is maintained by downregulation of cell turnover.
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Background

In the postabsorptive state, the portal drained viscera
(stomach, intestines, pancreas and spleen) and the liver
account for 20-25% of the whole-body energy expendi-
ture [1,2], even though these organs represent < 10% of
body weight. The disproportional energy requirement of
the gut is ascribed to the very rapid turnover of enterocytes
and the continuous synthesis and degradation of mucous
glycoproteins, which may serve to buffer amino-acid
availability in the postabsorptive period [3,4]. A compre-
hensive view of the adaptive response of the intestine to
maintain its integrity during food deprivation is, never-
theless, still lacking. Clinically, such insight is highly rele-
vant to better understand the mucosal atrophy that
develops as an undesirable sequel of parenteral nutrition
[5]. Furthermore, not all functions of the gut may have
been appreciated thus far. As an example, the long-term
fasted gut was only recently shown to be capable of gluco-
neogenesis [6]. To obtain a more comprehensive under-
standing of the effects of short-term and prolonged food
deprivation, we performed a microarray-based study of
the effects of fasting in the mouse small intestine (SI).
Although changes at the mRNA level cannot, of course, be
directly extrapolated to metabolic adaptations, we show
that the expression of genes involved in metabolism and
cell turnover changed in a highly significant, coordinated
manner, with a remarkably discontinuous transition
between short-term and prolonged fasting. Most of the
early responses to fasting were transient, peaking at 12
hours after food withdrawal, whereas the late response
became more pronounced with the duration of fasting.

Results

Effects of fasting on intestinal structure

To study the effect of fasting on the small intestine, 6 week
old male FVB mice were subjected to fasting for 0, 12, 24
and 72 h and analyzed by means of immunohistochemis-
try and gene expression profiling (Figure 1A). During the
first 12 hours of fasting, mice lost ~12% of their body
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weight (that is, 24% when expressed on a per-day basis).
Thereafter, weight loss was steady at a rate of ~7% per day,
so that mice had lost ~30% of their initial weight at 72
hours (Figure 2A). In Figure 2A the percentage of weight
loss was used to give an insight into its cumulative reduc-
tion. Since the time intervals between the measurements
were not identical, it was important to define a common
denominator to determine the rate of body weight loss.
For this reason, the rate of weight loss in consecutive time
intervals was expressed as percent of weight loss per day.
Gut wet weight declined more than body weight, having
lost almost 50% of its initial weight after 72 hours of fast-
ing. Small-intestinal weight loss was highest during the
first 12 hours of fasting (~38% per day), low between 12
and 48 hours (~7% per day), to increase again between 48
and 72 hours (~29% per day). Protein content was only
determined in fed and 48 h-fasted guts, declining approx-
imately 20% in this period (Table 1). Changes in intesti-
nal weight, therefore, reflect changes in intestinal protein
content. Despite the pronounced loss of tissue mass, the
basic morphology of the intestine remained unaffected
(Figure 2B). In particular, the length of the villi did not
change (Table 1). Using carbamoylphosphate synthetase
(CPS, Figure 2B) as a marker for enterocytes and o-
smooth-muscle actin (a-SMA, not shown) for smooth
muscle, we could show that these two structural compo-
nents accounted for ~75% and ~20%, respectively, of the
intestinal volume in both fed and 72 h-fasted mice (Table
1). Alcian-blue staining for goblet cells showed no change
in number between the fed and 72 h fasted condition
(Table 1 and Figure 2B). These data demonstrate that fast-
ing induces a proportional shrinkage of the components
of the small intestine. The staining intensity of the DNA-
synthesis marker PCNA increased 28% (P < 0.004) during
the first 24 h of fasting and decreased to just 8% (P < 0.36)
at 72 h (Figure 3A; Table 1), while the number of active
caspase 3-positive cells (Figure 3B) had increased ~45%
(24 h) and ~30% (72 h; Table 1) relative to the number
before fasting. Since PCNA is both involved in DNA syn-

Table I: Body and organ weights and morphometrical measurements in fed and 72 h fasted mice

fed 72 h fasting
body weight (g) 278+0.9 18.9 + 0.5%
intestinal wet weight (g) 1.2+0.1 0.6 +0.1*
villus height (um) 368 + 63 353 + 54
CPS-positive volume fraction (%) 722 + 34 710+ 05
aSMA-positive volume fraction (%) 246 % 1.1 24.0 £ 3.0
PCNA volume fraction (%) 188+ 1.4 206+ 1.0
Alcian blue-positive cells? 68.7 + 6.3 69.0 % I1.1
caspase 3-positive cells® 56072 91.8 + 14.9*%
total protein content of the intestine# (mg/g) 209 +£22 16.8 + 2.0*

Data are shown as average + SEM. There are no significant differences between the experimental groups with regard to villus height, CPS-, aSMA-
and PCNA-positive volume fraction, and number of Alcian-blue positive cells. Body and organ weight, caspase 3-positive cells, and total protein
content differed significantly (*, P < 0.01). /: for caspase 3- and Alcian blue-positive cells, the numbers are given per mm?2. #: total protein content of

the gut was available for fed and 48 h-fasted animals only.
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Figure |

Design of the microarray study. A) Each of 3 microar-
rays per time point (0, 12, 24 and 72 hours of fasting) was
hybridized with mRNA from a different pool of 2 animals,
while mRNA obtained from a pool of 6 control intestines
was used as reference. B) Numbers of significantly changed
genes due to fasting: among 4304 genes differentially
expressed (P < 0.01, > |.4-fold change), those changed at
more than one time point of starvation are shown in the
overlapping areas of the Venn diagram. C) Hierarchical clus-
tering of microarrays shows segregation of different starva-
tion time points into distinct branches of the dendrogram.

thesis and repair, and since DNA synthesis is suppressed
in the fasting intestine [7], these findings suggest that
DNA repair mechanisms might be regulated.

Global gene-expression profile in the small intestine

Out of 7590 transcripts, including expressed sequence
tags and RIKEN sequences, which met our boundary con-
dition for significance (P < 0.01), 4304 (57%) were > 1.4-
fold up- or downregulated. Of these, 1495, 1336 and
3008 transcripts were > 1.4-fold changed after 12, 24, and
72 hours of fasting, respectively (Figure 1B). [For a com-
plete list of more than 1.4-fold up- or downregulated
genes, see additional file 1.] A change higher than 2-fold
occurred in 331, 196 and 903 genes after each of the fast-
ing time points, respectively. A dendrogram (Figure 1C)
generated by unsupervised hierarchical clustering of the
arrays (using the entire probe collection), with correlation
used as the similarity measure and average linkage as clus-
tering parameters, revealed that the successive time points
separated into distinct branches. The apparent predomi-
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nance of biological over technical variation is a bench-
mark of the quality of the microarray analysis. Because the
time points investigated represent different, successive
phases of the fasting response, the set of transcripts that
were uniquely up- or downregulated at each of the time
points can be used as biological markers to follow the
effects of interventions of the fasting regimen [see addi-
tional file 2, supplementary table 2].

Quantitative real-time polymerase chain reaction analysis
of selected transcripts

The quantitative nature of the microarray data was vali-
dated with qPCR, using 18S ribosomal RNA as an internal
reference. Of the 8 genes studied, 5 were up- and 3 down-
regulated by fasting, responding with a 1.3-9.2-fold
change in expression on the microarrays. Irrespective of
whether the transcripts were rare (Gs and Pdk4) or abun-
dant (Pepck and UbC), their changes in expression were
similar in the microarray and qPCR quantifications (Fig-
ure 4). The increase in Gs and Pepck expression was of
interest, since the number of enterocytes expressing these
enzymes increased concomitantly (Figure 3). The main
difference between the time points is much more intense
staining at the cytoplasm of the enterocytes, while the
nuclei remained unstained.

Global analysis reveals a transient early and gradual late
intestinal response to fasting

Cluster analysis did not reveal biologically meaningful
groups of genes. In this respect, GenMAPP and, in partic-
ular, MetaCore™ were more informative tools to search for
coordinate changes in metabolic pathways. The biochem-
ical and signaling pathways in the small intestine that
were affected by fasting were identified using P < 0.01 and
> 1.4-fold change as thresholds for individual genes. Fig-
ure 5, based on the MetaCore™ approach, reveals that
pathways involved in amino-acid, energy, lipid, and car-
bohydrate metabolism, apoptosis, and cell-cycle control
responded with a significant change in expression upon
fasting. The graph in Figure 5 presents P-values as param-
eter of the likelihood that coordinate changes in the path-
ways shown were indeed present at the different time
points of fasting. As statistical parameter, the P-value
encompasses no variation. The changes in amino-acid
metabolism, cell-cycle and apoptosis were remarkably
biphasic, with a transient early response that peaked at 12
hours after food withdrawal and a late response that
became more pronounced with the duration of fasting.
Since all animals were sacrificed at the same time point
during the day, the early, transient effects of fasting cannot
be ascribed to a circadian rhythm. The figure further
reveals that the changes in energy and carbohydrate
metabolism became more pronounced with continued
fasting, whereas lipid catabolism was no longer regulated
at 72 hours. The common denominator of the transient
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Figure 2
Macro- and microscopic analysis of the fasting intestine. A) Change in whole-body and intestinal weight during fasting

as percentage of the control. Asterisks label significant changes in weight compared to the fed condition. The line represents
the daily percentual change in body weight. B) Histology of representative intestinal samples at 0 and 72 hours of starvation
(left and right panel, respectively) stained with hematoxylin and eosin (upper panels), carbamoylphosphate synthetase (middle
panels), or Alcian blue (lower panels). Zoomed-in regions show blue-stained goblet cells. On the upper and middle panels bars
represent 0.5, and on the lower Alcian blue-stained panel 0.1 mm.
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Distribution of PCNA (A), active caspase 3 (B), phosphoenolpyruvate carboxykinase (C) and glutamine syn-
thetase (D) protein in fed and 72-hours fasted small intestine. The bars on the panels A, C and D represent 0. mm, and on

B 0.05 mm.
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Quantitative PCR analysis of cyclin G2 (Ccng2), caspase 6 (Caspé), histocompatibility 2, class Il antigen A, beta | (H2-Abl),
glutamine synthetase (Gs), phosphoenolpyruvate carboxykinase | (Pepck[), pyruvate dehydrogenase kinase 4 (Pdk4), retinoid x
receptor o (Rxra) and ubiquitin C (UbC) in duplicate samples of 6 mice. mMRNA levels were related to 18S rRNA levels. Plain

bars refer to microarray data, whereas spotted bars represent qPCR data. Asterisks indicate significant change in comparison

to 0 h (P <0.05 n=6).

early response appeared to be amino-acid metabolism
and cell turnover (cell cycle, apoptosis), whereas the late
response was associated with energy metabolism (carbo-
hydrate and energy metabolism) and cell turnover. How-
ever, this global analysis does not reveal the direction of
the changes and lacks functional detail. In the next sec-
tions, we therefore scrutinize some of the individual path-
ways to deduce the putative functional consequences.

Fatty-acid catabolism

The expression of the transcription factor Ppare, a major
regulator of fatty-acid oxidation, was upregulated at 12
hours and even more so at 24 hours of fasting. The genes
that are involved in the first stage of very long-chain fatty-
acid oxidation (acyl-coenzyme A dehydrogenase (Acadyl)
and the a-subunit of the trifunctional protein (Hadha))
were upregulated at 12 hours of fasting, but this increase
changed to down-regulation at 72 hours (Figure 6). [For a
complete list of Ppara - regulated genes see additional file
2, supplementary table 3; the gene lists that are specific for
pathways in Figures 6, 7, 8, 9, 10 are shown in additional
file 3.] The expression of HMGCoA synthase2 was stimu-

lated throughout the fasting period (Figure 7), facilitating
the synthesis of ketone bodies from acetyl-CoA. 3-
Hydroxy-3-methylglutaryl-coenzyme A reductase
(Hmgcr), the rate-determining enzyme of sterol biosyn-
thesis, was downregulated 1.5-2-fold at all three time
points (data not shown). Finally, genes involved in glyc-
erol metabolism (glycerol kinase (Gyk), mitochondrial
glycerolphosphate dehydrogenase 2 (Gpd2) and triose-
phosphate isomerase (Tpi)) became downregulated dur-
ing prolonged fasting, whereas the fatty-acid transporter
Cd36 became upregulated (not shown). These data under-
score that lipid catabolism subserves energy metabolism
in the small intestine during the first day of fasting only.

Amino-acid and carbohydrate-backbone metabolism

Of all pathways studied in the fasting gut, the adaptive
changes in amino-acid metabolism were most pro-
nounced, showing a predominant but transient response
on the first day of fasting and another, less pronounced
response during the later phase (Figure 5). To generate an
overall view of these adaptive changes, we created a cumu-
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Figure 5

Adaptive changes in metabolic and cellular processes
in the small intestine during fasting. The significance of
changes in mMRNA levels within (a group of) pathways across
time was analysed with MetaCore™ software. The P-values
in the pathways are calculated using the hypergeometric dis-
tribution, where the P-value represents the probability of
particular mapping arising by chance, given the numbers of
genes in the set of all genes in pathways, genes in a particular
pathway and genes in the present experiment. The pathways
are grouped into processes as defined in MetaCore™ ver-
sion 3.0. The dotted line represents the significance thresh-
old (0.05). The daily percentual change of intestinal weight
during fasting is shown on the secondary y-axis.

lative map of amino-acid metabolizing pathways within
the GenMAPP environment (Figure 7).

Early changes

Most of the early changes in amino-acid metabolism con-
verge on glutamine and glutamate. The 2.5-fold increased
concentration of asparagine synthetase (Asns) mRNA is
indicative for a deficiency in cellular amino acids, in par-
ticular glutamine [8]. The downregulation of cytosolic
glutamate-consuming  y-glutamylcysteine  synthetase
(Gcle) and the upregulation of glutamine synthetase can
therefore be interpreted as an effort to preserve the
cytosolic glutamine levels. The strong reduction in expres-
sion of mitochondrial glutaminase (Gls) points to preser-
vation of mitochondrial glutamine and reduction of
ammonia production. Similarly, the strongly decreased
expression of mitochondrial ornithine transaminase
(Oat), which, in enterocytes, transaminates glutamate to
ornithine [9], and the increased expression of mitochon-
drial proline oxidase (/dehydrogenase - Prodh) both have
a sparing effect on mitochondrial glutamate. Further-
more, the 2-fold downregulation of mitochondrial gluta-
mate dehydrogenase (Glud), in conjunction with the
enhanced NADH production during fatty acid oxidation,
suggests that mitochondrial glutamate does not feed the
citric-acid cycle via deamination. Finally, mitochondrial
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branched-chain amino-acid transaminase (Bcatl) was
downregulated.

The citric-acid cycle becomes supplied with acetyl-CoA
from fatty-acid oxidation rather than from pyruvate, as the
2.5-fold upregulation of Pdk4 expression almost certainly
inactivates pyruvate dehydrogenase. Although expression
of pyruvate carboxylase (Pkm2) was not changed, its activ-
ity is enhanced by acetyl-CoA. The upregulation of o-
oxoglutarate dehydrogenase (Ogdh) and succinate dehy-
drogenase (Sdha) further suggests that mitochondrial ATP
synthesis is initially spared. The combination of the
downregulation of enzymes consuming mitochondrial
glutamate (see previous paragraph) and the upregulation
of mitochondrial glutamate-oxaloacetate transaminase
(Got2) suggests enhanced cycling through a truncated por-
tion of the citric-acid cycle [10]. The very pronounced
upregulation of Pepck expression points towards a stimu-
lation of the consumption of oxaloacetate for PEP synthe-
sis and, since glucose-6-phosphatase is not upregulated,
lactate production. In aggregate, the data point to changes
favoring the conservation of glutamine, an inhibition of
pyruvate oxidation, a preserved capacity for oxaloacetate
synthesis, and an enhanced capacity for PEP synthesis.
The demand for oxaloacetate, in conjunction with the 3.8-
fold upregulation of Hmgcs2, indicates that acetyl-CoA
from fatty-acid oxidation also stimulates the synthesis of
ketone bodies.

Prolonged fasting

At 72 hours of fasting (Figure 7), mitochondrial glutami-
nase was still strongly inhibited, whereas Gs expression
was still very strongly upregulated. Mitochondrial gluta-
mate metabolism still appeared to be conserved for a-
ketoglutarate production (ornithine aminotransferase
expression was very strongly suppressed, whereas proline
oxidase was stimulated 2-fold), but Gldh expression was
2-fold stimulated and Got2 expression had returned to fed
values. Because NADH production from fatty-acid oxida-
tion was no longer stimulated, these changes indicate that
glutamate now feeds the citric-acid cycle via deamination.
Pdk4 and Hmgcs2 were still strongly upregulated, suggest-
ing that pyruvate oxidation was still inhibited and ketone-
body synthesis stimulated. Pepck expression was still
strongly upregulated. In addition, the expression of glu-
cose-6-phosphatase (G6Pase) increased 1.5-fold, whereas
that of lactate dehydrogenase had decreased almost 3-
fold, suggesting that the enterocytes had acquired the
capacity to produce glucose rather than lactate from
amino acids, in particular glutamate. Several steps in
BCAA and tryptophan metabolism were strongly down-
regulated, probably to conserve these essential amino
acids.
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Figure 6

GenMAPP pathway showing changes in expression of the transcription factor PPARa and fatty-acid degrading
enzymes upon fasting. The upregulation of Ppara correlates with the upregulation of fatty acid -oxidation involved Acadvl
and Hadha at 12 h of fasting, while the prolonged fasting provokes downregulation of 6 genes involved in this process and
return to control values of Ppara expression (regulation of PPARa target genes involved in other processes is shown in the
additional file 2, supplementary table 3). Warm colors (from yellow to red) represent down-regulation, while cold (light blue to
dark green) indicate an induction (with exact fold-change shown aside the boxes). Gray indicates no significant change. Genes
not coupled to reporters on the array are shown in white. Genes represented by more than one sequence on the array are
shown in a dash-lined box with the level of change depicted by a colored line surrounding the field.

The 2-fold downregulation of glucosamine 6-phosphate  cosamine-fructose-6-phosphate aminotransferase at 24
N-acetyltransferase across the entire fasting period,  hours, suggest an inhibition of UDP-GlcNAc synthesis
together with more than 2-fold upregulation of glu-
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and a decline of O-glycosylation. An obvious target is
mucus production.

Alcohol-metabolizing enzymes (alcohol dehydrogenases
1 and 5 (Adhl and -5) and aldehyde dehydrogenase 1al
(Aldhlal; Figure 7), involved in the oxidation and elimi-
nation of metabolic alcohols and aldehydes, including
products of lipid peroxidation [11], were downregulated.

Electron-transport chain

The genes of the electron-transport chain responded pro-
gressively to fasting. At 12 hours of fasting, 14 genes (out
of 39 linked to our data) were downregulated, whereas 6
genes, scattered over all 5 complexes, were upregulated
(Figure 8). At 24 hours, only 3 genes remained upregu-
lated among 20 downregulated species. At 72 hours of

fasting, no fewer than 62% of the respiratory chain genes,
including cytochrome C, were downregulated (for details,
see Figure 8). Taken together, these data indicate that the
capacity for ATP synthesis becomes strongly suppressed in
the empty gut.

Cell cycle and apoptosis in response to nutrient
deprivation

Figure 9 shows that many genes involved in cell-cycle reg-
ulation, in particular the cyclins (Cyca2, Cycb2, Cycd,
Cycel, Cych), became downregulated in the course of fast-
ing. In addition, a number of cyclin-dependent kinases
(Cdk1, Cdk4), proliferating-cell nuclear antigen (Pcna),
and regulators of genes that act within the cell cycle, like
retinoblastoma (Rb1) and retinoblastoma-like protein
(Rbl1), were downregulated, whereas inhibitors of cyclin-
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Figure 8

GenMAPP showing changes in expression of the electron-transport chain during fasting. At 12 hours of fasting, 14
out of 39 respiratory chain genes linked to our data were downregulated, whereas 6 genes, scattered over all 5 complexes,
were upregulated. At 72 hours, 4 out of 7 complex-| genes, | out of 4 complex-Il genes, 3 out of 4 complex-IIl genes, 6 out of
10 complex-1V genes, 8 out of |13 complex-V genes, and cytochrome C were downregulated. The color code and map descrip-

tion are the same as in Figure 6.

dependent kinases (CDK inhibitor 1 (p21, Cipl); CDK4
inhibitor (p15, Cdkn2b)) were upregulated. Insulin-
induced protein-1 (Insig-1, not shown), which plays a reg-
ulatory role during the GO/G1 transition, was also
strongly down-regulated (2.4-3-fold). The strong upregu-
lation of the cell-cycle inhibitors Atm1 (which phosphor-
ylates among others p53 and NFxBIA) and glycogen
synthase kinase 3B (Gsk3b) fits within the picture of a
slowdown of the cell cycle. The oxidative stress associated
with the downregulation of y-glutamylcysteine synthetase
(Figure 7) would also inhibit cell proliferation [12].

The finding that PCNA protein as visualized with immu-
nostaining, was more prominently present at 24 h of fast-
ing (Figure 3), demonstrates that the observed changes in
mRNA levels (-2.1, -1.7 and -2.4 fold respectively) reveal

activity of signaling routes, which become reflected in
protein levels with a delay. Among other genes involved
in DNA repair, the critical serine-threonine kinase ATM,
which regulates the checkpoint signaling due to the dou-
ble-strand breaks, was upregulated (1.9 and 5.3 fold at 24
and 72 h, respectively). The 'executive' genes, however,
like DNA polymerasef, nibrin, or double strand-break
repair-protein MRE11, were all downregulated at one or
more time points (data not shown). It is therefore difficult
to draw a straightforward conclusion on the overall effect
of fasting on DNA repair.

In addition to the expression of genes involved in cell pro-
liferation, the expression of genes involved in apoptosis
was suppressed. We modified the apoptosis map in the
GenMAPP environment to visualize this adaptive
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GenMAPP showing changes in expression of cell-cycle regulating genes upon fasting. Nine cyclin- and cyclin-
dependent kinase-coding genes show moderate to strong downregulation at both early and prolonged fasting, while 3 of their
inhibitors are upregulated in prolonged starvation. At least 4 regulators of cell-cycle transition are also strongly downregulated,
indicating overall slow-down of the cell turnover. For the color code and map description see Figure 6.

response (Figure 10). The caspase-cascade elements Casp1
and 6, and cytochrome C became downregulated early
during fasting, the effect being most pronounced at 3 days
of fasting. The expression of the apoptosis antagonist Bcl2
and Bcl21 (Bcl-xl), which prevent the release of cytochrome
C from mitochondria, and the pro-survival Akt became
strongly upregulated at 72 hours, whereas the Bcl-associ-
ated death promoter (Bad), apoptotic protease-activating
factor 1 (Apafl), and caspases 1, 3 and 6 were strongly
down-regulated. The notion that cell turnover is sup-
pressed is underscored by the relatively mild increase in
number of active caspase 3-positive cells (~30%) after 3
days of fasting.

Autophagy is another well-known adaptive response to
nutrient starvation [13]. We did not notice a major change
in genes involved in autophagy, but only few were repre-
sented on the arrays.

Discussion

Phases in the adaptive response to fasting

Based on the rate of weight loss after food withdrawal, the
body passes through 3 successive adaptive phases ([14];
Figure 2). During the first, postabsorptive fasting phase,
the rate of weight loss is relatively high (~24% per day in
mice (Figure 2) and ~10% per day in rats [15,16]). During
the intermediate, "coping" phase, the loss of body mass is
slower (~7% per day in mice and ~6% per day in rats
[15]). During the last, preterminal fasting phase, the loss
of body weight again increases (~9% in rats [15]). We did
not observe a preterminal phase with an increased rate of
body-weight loss in our mice. At 72 h, our mice still
looked vital. One explanation could therefore be that they
had not yet or had just entered the preterminal phase of
body-weight loss. Alternatively, mice, unlike rats, do not
have the preterminal phase characterized by an increased
weight loss. The initial phase of fasting is accompanied, at
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the whole body level, by a decline in circulating insulin,
glucose, triglycerides and cholesterol levels [16], a reduc-
tion in protein synthesis and an increase in protein degra-
dation, while the intermediate, coping phase shows a
temporary increase in circulating ketone bodies [17] and
free fatty acids [18], and a decline in protein degradation
[14]. The final, preterminal phase of fasting is accompa-
nied by an increase in circulating corticosterone and
plasma urea levels and a further decline in whole-body
protein synthesis [15,17,19]. From these data, it was con-
cluded that mammals adapt to prolonged fasting by
mobilizing fat stores and minimizing protein loss. This

model was then implicitly expanded to all organs sepa-
rately, including the gut.

However, microarray studies that have prospected the
adaptive response to fasting of the small intestine (present
study), liver [20], and muscle [21-23], and more limited
studies in kidney [24], reveal a different scenario. Liver,
muscle, and kidney respond to fasting with a progressive
change over time in mRNA concentrations of enzymes
involved in protein, carbohydrate and fat metabolism.
The small intestine differs from these organs in its bipha-
sic response to fasting, that is, the small intestine mounts,
in addition to the slow, progressive changes in expression
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that are also seen in liver, muscle, and kidney, a pro-
nounced, but transient early response. In this early phase
of fasting, gene expression changes in a direction that
facilitates the preservation of glutamine, the catabolism of
glutamate to ATP and lactate, and the suppression of
excessive cell turnover. The progressive late response is
numerically characterized by a larger number of affected
genes (Figure 1B), higher fold changes in expression (not
shown), and functionally by changes in gene expression
that favor, in addition to suppression of cell turnover, glu-
cose rather than lactate production.

Adaptive changes in intestinal morphology and cell
turnover

Our data show that weight loss in response to fasting is
more pronounced in the small intestine than in the body
at large. The relative loss of intestinal wet weight upon
fasting is similar in mice (Figures 2 and 5) and rats [7,25].
Mice differ from rats in that villar height, crypt depth, and
cell number per villus or crypt are not (Figure 2 and [26]),
or hardly [27] affected by fasting, whereas in fasting rats
crypt and villar length decline to ~60% [7,25]. Apart from
villar density, no changes in the relative volume of the
mucosa (measured as CPS-positive volume fraction), of
goblet cells (measured as the number of Alcian blue-pos-
itive cells), and smooth muscle (measured as aSMA-posi-
tive volume fraction) develop in fasting mice (Figure 2
and Table 1). The important consequence of these find-
ings is that fasting induces a proportional shrinkage of all
components of the small intestine in mice, that is, the
contribution of different cell types remains unchanged.
The tissue base for the microarray data does, therefore, not
change in the course of the experiment.

Mechanisms that may account for the preservation of
intestinal architecture are the suppression of the normally
high cellular turnover, that is, cell multiplication [26,17]
and apoptosis [26]. In both rats [28] and mice (Figure 3,
Table 1), starvation is accompanied by an increase in the
number of apoptotic cells in the epithelium, but in view
of the simultaneously occurring proportional reduction of
all structural components, the susceptibility to undergo
apoptosis must be decreased in the surviving cells [29].
Accordingly, the microarray data reveal a regulation of the
Bcl2 gene family. In agreement with their longer survival,
the enterocytes of fasting intestines look more mature that
those in the fed intestine [30,31]. The spreading of the
expression of PEPCK and GS across the entire villus is also
compatible with a more differentiated phenotype of the
enterocytes. The microarrays also indicate a downregula-
tion of cell-cycle genes. This is in apparent contrast to the
elevated PCNA staining. Most studies show inhibition of
cell proliferation during fasting [7,25], but an increased
DNA synthesis in the rat intestine has been reported upon
prolonged fasting [25]. We interpret these observations as
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indicating that DNA repair rather than cell proliferation is
stimulated to maintain epithelial integrity.

Adaptive changes in intestinal metabolism — early
adjustments

The MetaCore analysis revealed that the adaptive changes
in intestinal metabolism converge, as could perhaps be
expected, on energy metabolism (Figure 11). The upregu-
lation of asparagine synthetase was an informative start-
ing point, as it revealed that intracellular glutamine levels
were limiting [8]. Since the landmark experiments of
Windmueller and Spaeth 25-30 years ago [32], it is
known that the small intestine of rodents is an avid con-
sumer of glutamine in addition to glucose for its energy
supply. In agreement, the observed changes in mRNA lev-
els of amino-acid metabolizing enzymes were concen-
trated in the glutamate family of amino acids (glutamine,
glutamate, proline, arginine [33]). Short-term fasting is
typically associated with an increased concentration of
free fatty acids in the circulation [34]. Intracellular oxida-
tion of fatty acids causes an increase in the intramitochon-
drial acetylCoA/CoA and NADH/NAD*+* ratios and an
inhibition of pyruvate dehydrogenase [10]. In agreement,
our data pointed to a strong inhibition of pyruvate oxida-
tion, as well as an enhanced synthesis of ketone bodies
during fatty-acid oxidation (while the high NADH/NAD+*
ratio inhibits deamination of glutamate). The data also
suggested an enhanced cycling in a truncated citric-acid
cycle from glutamate via a-ketoglutarate and succinate to

Lac Lac 7<i|c
PEP PEP
Glu—> Gin A Glu—»Gin
cyt oxac oxac
mit )
Asp
oxac
aOG
FA Gilu u
acetyl-CoA \acetyI-CoA
ketone bodies ketone bodies
72h
Figure 11

A schematic model of the response to fasting in the
mouse small intestine. The adaptations of protein, fat and
intermediary metabolism in the small intestine are indicated.
Arrows and crosses represent up- and downregulation of the
process respectively, in short (12 h, left) and prolonged fast-
ing (72 h, right). Abbreviations for cytosolic (cyt) and mito-
chondrial (mit) metabolites stand for: Asp — aspartate, FA —
fatty acids, Glc — glucose, GIn — glutamine, Glu — glutamate,
Lac — lactate, aOG — o oxo-glutarate, oxac — oxaloacetate,
and PEP — phosphoenolpyruvate.
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oxaloacetate and back to glutamate. This truncated citric-
acid cycle appeared to be fed by glutamate, because mito-
chondrial enzymes catabolizing glutamate were downreg-
ulated. In addition to glutamate, a number of amino acids
and odd-chain fatty acids could feed this minicycle and
yield ATP. The high intramitochondrial NADH/NAD+
ratio, which facilitates malate formation from oxaloace-
tate and export to the cytosol, together with the very
strong upregulation of Pepck, suggested enhanced PEP
synthesis. In view of the very low GG6Pase expression, PEP
is probably converted to pyruvate, again yielding an ATP,
and then lactate as substrate for gluconeogenesis in the
liver [35-37]. It is well possible that BCAA catabolism is
inhibited to avoid excessive drainage of these essential
amino acids.

The role of PPARa in the early response to fasting

The prominent role of peroxisome proliferator-activated
receptor a. (PPARa) in the adaptive response to fasting is
well documented [38]. In agreement, we observed that
Ppare itself and a number of PPARa-dependent genes
involved in fatty-acid B-oxidation (e.g. Acadvl, Dci) and
ketone-body synthesis (e.g. Hmgcs2) were induced in the
intestine upon fasting. Ketone-body production is a well-
known response to fasting in the liver [32,39], but not in
the adult intestine. However, the suckling intestine does
produce ketone bodies until weaning [40]. Our data indi-
cate that the capacity to produce ketone bodies is reacti-
vated upon short-term fasting. Production of ketone
bodies in the gut may contribute to the increased ketone-
mia in prolonged fasting [39].

In addition to genes involved in fatty-acid oxidation,
many other PPARo-target genes shown in supplementary
Table 3 (e.g. Ctel, Fabp4 and Scdl) exhibited the early,
transient induction pattern. Furthermore, PPARa regu-
lates the expression of caspase 3 and amino-acid metabo-
lizing enzymes, also in the gut [41,42]. In aggregate, our
findings therefore extend the earlier finding that PPARa
functions as a dominant regulatory factor in the response
to fasting of the gut.

The late response to fasting

Among the major changes that characterize the late
response to fasting are the downregulation of fatty-acid
oxidation, the severe downregulation of genes involved in
the respiratory chain, and the upregulation of glucose syn-
thesis (Figure 11). Whether or not the fasting gut produces
glucose has attracted much interest lately [36,43]. We did
observe that the expression of Pepck and G6Pase mRNA is
increased, while that of Ldh1 is strongly downregulated.
Metabolic studies indicate that the small intestine may
account for 30-35% of total body gluconeogenesis after
prolonged fasting [36,43]. Although we studied only
changes in mRNA levels, we did also observe that glyco-
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gen, which completely disappears from murine liver
within 12 hours of fasting, accumulates to a high level in
the pericentral zone of the liver lobule after 72 hours of
fasting (Sokolovic M, unpublished data). The source of
pericentral glycogen is blood glucose [44], whereas amino
acids and lactate typically generate periportal glycogen
[45]. However, the generation of ATP necessary for gut
gluconeogenesis must become increasingly precarious,
because the respiratory chain becomes progressively
inhibited (Figure 8).

Limitations of the study

It goes without saying that our interpretations have their
caveats if extrapolated to larger mammals. The mouse, as
a very small animal, survives at most 4 days without food
[46], whereas rats survive more than 2 weeks [47] and
humans 2 months [48]. The degree to which intestinal
mucosa is affected by fasting appears to vary between spe-
cies. Rat and pig have been reported to lose up to 40 and
35 % of intestinal weight as a result of fasting, respectively
[7,25,49]. The villar height decreases up to 50% in fasted
rats and 30% in fasted piglets. Only a modest mucosal
atrophy (i.e. = 10 % decrease in thickness) was found in
critically ill humans [5]. Our findings on preserved gut
morphology in the mouse, therefore, resemble the situa-
tion in humans.

Another obvious caveat of the present study is that only
adaptive changes in cellular mRNA concentration were
analyzed and used to construct the adaptive metabolic
response. Most adaptive changes occur more rapidly at the
mRNA than at the protein level. Furthermore, not all
changes at the mRNA level perspire to changes at the pro-
tein level, whereas more than 500 known posttransla-
tional modifications [50] do not need changes in mRNA
level to affect the activity of proteins. The changes at the
mRNA level that we report do probably reflect changes in
the signal-transduction network that mediates the adap-
tive changes in metabolism and cell turnover better than
that they reflect the changes in protein levels. The changes
in signal transduction that modulate metabolite flow, the
cell cycle and apoptosis are presently being analyzed.

Conclusion

Our study shows that the adaptive changes in gene expres-
sion in the murine small intestine that are induced by fast-
ing are directed at the induction of a proportional
shrinkage of the tissue components of the small intestine.
The preservation of the overall architecture of the organ is
achieved by converting proteins and fats into energy sub-
strates, while suppressing excess cell turnover. The
response to fasting is biphasic, with an early, postabsorp-
tive response that peaks at 12 hours and a late response
that becomes more pronounced with continued fasting.
The two phases differ in that gene expression during the
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early adaptive phase changes in a direction that facilitated
the preservation of glutamine, the catabolism of gluta-
mate to lactate, and the catabolism of fats to ketone bod-
ies. Prolonged fasting appeared to induce the production
of glucose rather than lactate from carbohydrate back-
bones, a downregulation of fatty-acid oxidation and a
very strong downregulation of the electron-transport
chain.

Methods

Animals

Male FVB mice (Charles River, Maastricht, The Nether-
lands) were housed at 20-22°C, 50-60% humidity, a 12
hours light/dark cycle, and food and water ad libitum. At
6 weeks of age, mice were fasted by removing chow for up
to 72 hours before sacrifice (n > 8 per group). The animals
were kept in metabolic cages to prevent the consumption
of beddings and were kept warm with an infrared lamp
starting at 24 h. The daily rate of body or organ mass loss
was calculated as described [29]. The study followed the
Dutch guidelines for the use of experimental animals and
was approved by the AMC Animal Experiments Commit-
tee.

Tissues

All animals were sacrificed between 9:00 and 10:00 a.m.
by cervical dislocation. The small intestine was removed
quickly in such a way that adherent tissue remained
behind. A central, 1 cm-long fragment was divided in two
and fixed overnight at 4°C in 4% buffered formaldehyde
or a mixture of methanol, acetone, and water (2:2:1 by
volume). The remaining parts of the SI were opened lon-
gitudinally, rinsed in phosphate-buffered saline, blotted,
weighed, snap-frozen in liquid N,, and stored at -80°C.
We opted to use extracts of full-thickness intestine for
gene-expression profiling, because the epithelial compo-
nent of the murine small intestine comprises over 70% of
its volume (see Figure 2). The suitability of this strategy is
underscored by a recent microarray study of transporters
in the mouse intestine [51]. In addition, isolation of ente-
rocytes [52,53] is time-consuming and, hence, entails a
risk of mRNA degradation, while mucosal scraping har-
vests villi more efficiently than crypts [54], whereas many
mRNAs are most abundant in the crypts.

RNA isolation and quantification

Total intestinal RNA was extracted from frozen tissue with
guanidiniumthiocyanate [55], followed by cesium-chlo-
ride centrifugation [56] to avoid contamination with
mucus. The quality of RNA was assessed with the RNA
6000 Nano LabChip® Kit in an Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, USA). Given the high
sensitivity of Agilent arrays [57], we opted for 1.4-fold
change as inclusion criterion for a gene. Microarray-based
quantification of 8 mRNAs with a 1.3-9.2-fold change in
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expression was validated by qPCR, as described [58].
mRNA concentration was calculated using the LinReg pro-
gram [59]. In the absence of reverse transcriptase, the sig-
nal was < 0.1% of that in its presence for each primer pair
(not shown). Gene-specific primer sequences, product
lengths, annealing temperatures and MgCl, concentra-
tions are shown in supplementary table 1 [see additional
file 2].

Microarrays

The 60-mer Mouse Development (22 K) Oligo Microarray
G4120A (Agilent) was used. Three arrays per experimental
condition were used. Per microarray, 20 pg mRNA,
pooled from 2 intestines, was reverse transcribed with
Cy3-labelled dCTP (Perkin Elmer, Boston, USA), using
the Agilent Fluorescent Direct Label Kit. Cy5-labeled
c¢DNA produced from RNA pooled from 6 fed animals
served as the common reference across all arrays (Figure
1A). Hybridized cDNAs were detected with Agilent's dual-
laser microarray slide scanner. The data were retrieved
with Agilent's Feature Extraction software 6.1.1.

Data analysis

We opted for the reference design, because it is robust to
bad arrays, amenable to clustering and, more importantly,
allows for comparison of more than 2 classes (time
points) at once, without dye effects [60]. Foreground and
background median signals were used to calculate back-
ground-subtracted intensities. The resulting data were
normalized with the quantile normalization method as a
preparatory step for the application of the Split-Factor
ANOVA. Quantile normalization equalizes the distribu-
tion on arrays and thus limits the influence of technical
errors [61,62]. Outliers were removed with a separate
ANOVA model, specially developed to detect local arti-
facts due to scratches, blurs, dust, etc. within the common
reference channel [63]. This procedure also detects non-
uniform hybridization. Genes differing significantly in
expression in the respective experimental conditions were
identified by applying a Split-Factor ANOVA model to
both the green (experimental) vs. red (reference) measure-
ments, and the indirect, across-array comparison of the
Cy3 measurements of starved vs. fed animals. The split-
factor ANOVA divides the entire set of test samples into
individual samples, which allows a sensitive detection of
differentially expressed genes. A comparison with both
the reference samples and the other test samples within
the same set provides an additional test for the presence of
any remaining false positives due to non-eliminated out-
liers. A consensus between the direct and across-array
ANOVA ensures that final results do not suffer from either
dye-gene effects or array-specific noise. Only genes that
received a significance call in 2 out of 3 microarrays in
both the direct and across-array split-factor ANOVA were
taken into further consideration. In all applications, P <
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0.01 and = 1.4-fold change were used as gene-inclusion
criteria.

Cluster analysis was performed using the publicly availa-
ble programs "Cluster" [64,65] and "TreeView" [66,67].

Pathway analysis and visualization was carried out using
GenMAPP [68] (2.0 pB-version, using the Mm-
Std_20040411 gene database and 20040426_Mm version
of local maps) and MappFinder [69] (Gladstone Insti-
tutes, UCSF, San Francisco, USA) software. GenMAPP was
also used to build the map shown in Figure 7 and to mod-
ify those in Figures 6 and 10. The complexity of the
response required a system-wide approach to data analy-
sis, so the MetaCore™ software (GeneGo, Inc., St. Joseph,
MI, USA) was used to assess the significance of changes in
expression of genes in specified pathways [70,71]. Signif-
icance of changes in expression in pathways or networks
is evaluated in the MetaCore™ suite based on the size of
the overlap between user's dataset and a set of genes cor-
responding to a network or pathway queried. This prob-
lem is cast as the probability that randomly obtained
overlap of certain size between the user's set and a net-
work/pathway follows a hypergeometric distribution:

P(rm, R N) = Ch-Cir _ G gﬁ,i',, _RUN-R)! n!(N-n)! 1

cy cy N! r!(R=1)! (n=r)/(N=R-n+r)!
N represents all nodes in the MetaCore database of inter-
actions. R is a subset a user's set of genes (I) that become
"marked" because they correspond to the user's data. n is
the number of nodes in a network/pathway module that
is selected because of a common property, such as Gene
Ontology category, set of nodes related to a certain dis-
ease, metabolic or signaling process, etc. r is the number
of marked nodes among the n nodes in the module. The
probability of a subset of size n to include r marked
nodes, provided that n and R are unrelated (null-hypoth-
esis), follows the hypergeometric distribution.

To assess the significance of the results other than micro-
array data, ANOVA and Student's t-test were employed.
The error bars in the figures represent the standard error of
the mean (SEM).

Histology and immunohistochemistry

8 animals per time point with 5 sections per animal were
analyzed. Sections were stained with hematoxylin and
eosin, or immunohistochemically. Formalin-fixed sec-
tions were boiled in 10 mM Na-citrate pH 6.0 for 10 min
to retrieve antigens. Monoclonal antibodies were directed
against glutamine synthetase (GS/GLNS; Transduction
Laboratories, Lexington, KY), proliferating-cell nuclear
antigen (PCNA, Santa Cruz biotechnology, Santa Cruz,
CA, USA) and smooth-muscle actin (a-SMA; Sigma, Zwi-
jndrecht, The Netherlands), and polyclonal antibodies
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against carbamoylphosphate synthetase (CPS, [72]),
active caspase 3 (CASP3; R&D Systems, Abingdon, United
Kingdom) and phosphoenolpyruvate carboxykinase
(PEPCK; kindly provided by Dr. Bruno Christ). Antibody
binding was visualized with goat anti-mouse or goat anti-
rabbit IgG, both coupled to alkaline phosphatase
(Sigma). Goblet cells were visualized with Alcian blue. To
quantify the tissue composition of the intestines, optical-
density (OD) images of PCNA, CPS, GS, PEPCK and a-
SMA stainings were analyzed by NIH Image software
(ver.1.61, [73]). The PEPCK antibody did react with intes-
tinal contents and stained the boundary between the epi-
thelial cells and the intestinal lumen nonspecifically. This
boundary was therefore not taken into account when
quantifying the staining. The background was always sub-
tracted in the measurements of light absorption in stained
sections. The goblet and apoptotic cells were counted. The
length of the villi was measured on well-oriented sections
from the point of crypt-villus transition to the tip of the
villus.
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