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Burn trauma disrupts circadian rhythms in rat liver
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Abstract: Circadian rhythms play an important role in maintaining homeostasis and solid organ function. The purpose
of this study is to assess the implications of burn injury in rats on the underlying circadian patterns of gene expres-
sion in liver. Circadian-regulated genes and burn-induced genes were identified by applying consensus clustering
methodology to temporally differentially expressed probe sets obtained from burn and sham-burn data sets. Of the
liver specific genes which we hypothesize that exhibit circadian rhythmicity, 88% are not differentially expressed
following the burn injury. Specifically, the vast majority of the circadian regulated-genes representing central carbon
and nitrogen metabolism are “up-regulated” after the burn injury, indicating the onset of hypermetabolism. In addi-
tion, cell-cell junction and membrane structure related genes showing rhythmic behavior in the control group were
not differentially expressed across time in the burn group, which could be an indication of hepatic damage due to
the burn. Finally, the suppression of the immune function related genes is observed in the postburn phase, implying
the severe “immunosuppression”. Our results demonstrated that the short term response (24-h post injury) mani-
fests a loss of circadian variability possibly compromising the host in terms of subsequent challenges.
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Introduction

The circadian clock is one of the most critical
biological regulators for all living entities con-
trolling behavioral, physiological and biochemi-
cal processes. Acting like a multifunctional
timer, the circadian clock organizes the homeo-
static system, including sleep and wakefulness,
hormonal secretions and various bodily func-
tions with a roughly 24-h cycle [1]. The circadi-
an clock provides fitness advantages by endow-
ing organisms with anticipatory mechanisms
predicting periodic events, as opposed to
responding in a reactive way to external signals
[2]. In mammals the primary circadian “clock”,
is located in the suprachiasmatic nucleus
(SCN), a pair of distinct groups of cells located
in the hypothalamus [3]. Independent circadian
rhythms are also found in many organs and
cells outside the SCN, such as the oesophagus,
lungs, liver, pancreas, spleen, thymus, and the
skin [4]. Given that circadian rhythmicity and
host immunity are interrelated, numerous stud-

ies have demonstrated that external stressors
can influence circadian timekeeping processes,
while cytokines and immune mediators impact
clock gene expression [5].

Liver is one of the important organs regulating
the metabolic activity of body as well as produc-
ing acute phase proteins. Using microarray
technology to generate a rich time series within
a 24 h cycle, it has been already elucidated that
a wide variety of biological pathways show cir-
cadian rhythms in the rat liver [6]. Since the
genes exhibiting statistically validated-rhythmic
behavior are differentially expressed across the
time, Ovacik et al. [7] applied “consensus” clus-
tering approach [8] to statistically significant
patterns of gene expression levels obtained
from the microarray data. They identified five
distinct clusters exhibiting circadian rhythm in
the rat liver, which are related to energy metab-
olism, amino acid metabolism, lipid metabo-
lism, and DNA replication and protein synthe-
sis. Since an external stressor activates the
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host immune system through stimulation of a
series of local and systemic responses, includ-
ing the release of proinflammatory cytokines,
up-regulation of glucose, fatty acid, and amino
acid turnover in the liver [9], the question is
raised as to whether, and how, this affects the
circadian rhythms in the liver. The purpose of
this study is to demonstrate the possible sup-
pression of circadian variability in liver-specific
gene expression within the first 24 hours follow-
ing burn injury by using a standard rat model of
cutaneous burn injury covering 20% of the total
body surface area (TBSA), and its correspond-
ing sham-burn (control of burn). Applying the
“consensus clustering” approach in an unsu-
pervised manner to the expression profiles of
temporally differentially expressed genes in the
control group resulted in four different patterns
associated with the immune system, energy
and amino acid metabolism, cell-cell junction
and membrane structure, and DNA replication
and repair [10]. Investigating the expression of
these clusters in the burn group in the present
work, we identified that 88% of genes in these
clusters were not differentially expressed
across time following the burn injury, demon-
strating the disruption of circadian rhythms as
a result of severe trauma.

Materials and methods
Animal model

Male Sprague-Dawley rats (Charles River Labs,
Wilmington, MA) weighing between 150 and
200 g were utilized for this study. The animals
were housed in a temperature-controlled envi-
ronment (25°C) with a 12-hour light-dark cycle
and provided water and standard chow ad libi-
tum. All experimental procedures were carried
out in accordance with National Research
Council guidelines and approved by the Rutgers
University Animal Care and Facilities Committee.

A systemic hypermetabolic response was in-
duced by applying a full-thickness burn on an
area of the dorsal skin corresponding to 20% of
the total body surface area (TBSA) as described
elsewhere [11]. This model was chosen be-
cause it has nearly 100% long-term survival, no
evidence of systemic hypoperfusion, and no
significant alterations on feeding patterns [12].
Rats were first randomized into two groups:
burn and sham burn (control group). Rats were
anesthetized by intraperitoneal injection of 80
to 100 mg/kg ketamine + 12 to 10 mg/kg xyla-
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zine, and all hair removed from the dorsal
abdominal area using electric clippers. The ani-
mal’s back was immersed in water at 100°C for
10 s to produce a full-thickness scald injury
covering 20% TBSA. Immediately after burns,
the animals were resuscitated with 50 mL/kg
of saline injected intraperitoneally. Negative
controls (sham burn) consisted of animals
treated identically but immersed in warm water
(37°C). Rats were single caged after burn or
sham burn and given standard rat chow and
water ad libitum until sacrifice. No post-burn
analgesics were administered, consistent with
other studies with this full thickness burn
model since the nerve endings in the skin are
destroyed and the skin becomes insensate
[13]. Furthermore, after animals woke up, they
ate, drank and moved freely around the cage,
responded to external stimuli, and did not show
clinical signs of pain or distress. Animal body
weights were monitored daily and found to
increase at the same rate in both groups.

Starting at 9am, animals are sacrificed at dif-
ferent time points (0, 2, 4, 8, 16 and 24 hr post-
treatment, i.e., sham burn and burn) and liver
tissues were collected and frozen for microar-
ray analysis (n=3 per time point per group). We
limited ourselves to three samples at each time
point for reasons of practicality due to the num-
ber of time points being analyzed in our study.
Ideally, in future studies the selected time
points would be equally spaced in the latter
parts of the day and the night in order to prop-
erly characterize the entire time course of circa-
dian expression. However, the choice of time
points in the present study was dictated by our
previous study to identify changes in global
hepatic gene expression within the first 24
hours after burn injury. The tissues were lysed
and homogenized using Trizol, and the RNAs
were further purified and treated with DNase
using RNeasy columns (Qiagen). Then cRNAs
prepared from the RNAs of liver tissues using
protocols provided by Affymetrix were utilized
to hybridize Rat Genome 230 2.0 Array
(GeneChip, Affymetrix) comprised of more than
31,000 probe sets. The microarray dataset
obtained in our experiments has been submit-
ted to an open-access data repository [14].

Data analysis

In this study, genome expression data analysis
includes normalization, filtering, clustering and
merging. DNA chip analyzer (dChip) software
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Figure 1. Circadian patterns in liver. Left Panel: Expression of 52, 64, 153 and 83 probe sets in 4 clusters in sham-
burn rats at O, 2, 4, 8, 16, 24 h are exhibited on heatmap. Green indicates the lowest level while red indicates the
highest and black average level. Right Panel: Expression patterns are shown by plotting the average normalized
(z-score) expression values of 52, 64, 153, and 83 probe sets in 4 clusters in sham-burn rats (means + SEM). n=3

rats per time point.

[15] was used with invariant-set normalization
and perfect match (PM) model to generate
expression values. The analysis of variance
(ANOVA) test implemented in R [16] was applied
to filter differentially expressed probe sets in
shamburn dataset and burn dataset. Probesets
with p values less than 0.001 were selected as
demonstrating a statistically significant differ-
ence in expression overtime in shamburn liver
and burn-injured liver respectively. Moreover,
applying the method proposed by Storey et al.
[17], a g-value cutoff of 0.01 was used to con-
trol the false discovery rate. Strict thresholds
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were used due to data limitations, which result-
ed in several well-known circadian genes not
being present in the filtered data set (see
Supplementary material; sheet ‘filtering).
Subsequently, consensus clustering [8] was
applied in order to identify coherent clusters of
co-expressed genes in an unsupervised man-
ner. Finally, merging is used to combine the
clusters which have a similar expression pat-
tern but are separated into two or more clus-
ters [18]. We characterize the biological rele-
vance of the intrinsic responses by evaluating
the enrichment of the corresponding subsets in
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circadian rhythm specific pathways by using
KEGG database through ARRAYTRACK [19] as
well as analyzing the functions of individual
genes extensively. We perform paired t-tests to
determine significant changes at correspond-
ing time points between the clusters in the
burn and shamburn treatment groups.

In our previous study [10], we further explored
the underlying regulatory mechanisms of circa-
dian-relevant genes, by hypothesizing that the
core circadian transcription factor (TF) CLOCK:
BMAL1 as well as TFs that are downstream tar-
gets of CLOCK: BMAL1 might regulate the
expression of temporally expressed genes we
identified in the above analysis. Briefly, we used
MatInspector [20] to scan for TF binding sites
on the promoter regions of each of the corre-
sponding differentially expressed genes. Genes
reported by MatBase, which also consist of
CLOCK: BMAL1 binding sites were considered
clock-controlled TFs. Additionally PARF and
RORA were also included in the analysis as
these are well-known core clock TFs [18].
Following this, we identified significant sets of
clock TFs that were commonly present on the
promoter regions of the differentially expressed
genes in each cluster, since we hypothesized
that these common sets of TFs were more likely
to regulate the expression of the clusters in a
combinatorial manner more representative of
eukaryote transcriptional regulation. Finally, in
order to determine the relations of the clock
TFs to each of the clusters, we estimated the
statistical significance of the common sets of
clock TFs for each cluster compared to the
GC-matched background set by the method
proposed by Bozek et al [21].

Results

Identification of circadian rhythm regulated
genes

Transcriptional analysis: In the sham-burn
group, 545 probe sets are identified as differ-
entially expressed. Consensus clustering iden-
tifies four statistically dominant transcriptional
clusters all exhibiting circadian oscillations,
composed of 52, 64, 153, 83 probe sets
respectively. In our previous study [10], we fur-
ther used Fisher’'s exact g-test to determine
whether the genes in the identified cluster were
expressed in a circadian manner. Briefly, a new
vector is created for the test by randomly dis-
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tributing the three replicates at each time point
to three consecutive time points in a 24-hour
period; t, t+24 and t+48. We found that all 352
genes identified in the four clusters passed the
test (with a g-value<0.01), implying that these
genes are indeed periodically expressed and
are thus, considered circadian-relevant in this
context. The characteristic patterns of the four
clusters are depicted in Figure 1. The gene list
and expression levels for each probe set are
provided in the Supplementary file “shamBurn_
Burn.suppData.xIs”. It is important to note that
all probe sets coding for the same gene exhib-
ited similar expression patterns (i.e., were
assigned to the same cluster) further enhanc-
ing our confidence in our gene expression mea-
surements. Thus, the probe sets could be
mapped to their corresponding genes, and
therefore the clusters are composed of 46, 41,
132, 70 genes respectively.

Functional characterization of circadian expres-
sion patterns: Functional annotation enables a
succinct description of the key roles each clus-
ter plays. Specifically:

Cluster 1, displays a maximum activity during
the light phase and was found to be primarily
composed of genes associated with the
immune system. Genes in this temporal class
are involved in the Chemokine signaling path-
way (Chuk, Gnai3, Stat3), RIG-I-like receptor
signaling pathway (Chuk, Ddx3x), Toll-like recep-
tor signaling pathway (Chuk, Myd88). Numerous
genes regulated by the circadian rhythm and
related to immune functions are also found in
this cluster. BTG1, one of components of
immune function responses was examined and
determined to be rhythmic under a light dark
cycle [22]. Moreover, it is reported that circadi-
an transcriptional regulation could be found at
every level of LPS induced immune response in
macrophages including SFPQ which regulates
cytokine mRNA stability and localization [23].
FKBP5 is observed to show strong circadian
dynamics in rat liver whose isomerase activity
is inhibited by immunosuppressants [6].

Cluster 2 reaches its maximum during the day-
time and quickly returns to its baseline before
the dark phase and is found to contain genes
with diverse functions including energy produc-
tion (Ppargcla, CoqlOb), cell-cell junction
(Tancl, Epb4.115), and membrane structure
(Ubr4, Tmem106b). The genes associated with
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Weight Change (%)

gene product BMAL1 which plays
a role in regulation of glucose
homeostasis and metabolism [6]
is identified in this cluster. Many
other genes relating to the metab-
olism are transcribed in a cyclic
fashion. GCJR and DHTKD1, which
regulate glucose homeostasis [6],
are under the control of the circa-
dian rhythm. CTH controlling he-

Figure 2. Animal weight change (%). Time of burn or sham burn injury
is day O. Solid line: Burn group; Dashed line: Sham-burn group. n=18
per group on day O, n=6 per group on day 1, and n=3 per group on day
2. Note that n is decreasing with respect to time, since a portion of the
animals is sacrificed at each time point to collect liver tissue.

cell junction (Tancl, Epb4.115) and component
of membrane (Ubr4, Tmem106b) play a critical
role in the integrity of the endothelial barrier
function. In addition, some genes regulating cir-
cadian rhythms are found in this cluster. One of
the isoforms generated from the Crem gene, a
transcription factor involved in output clock
function, regulates melatonin synthesis in the
mouse [24]. kIf9, which is a Krtppel-like family
transcription factor is identified as putative
clock-regulated gene in gene expression profil-
ing experiments performed in liver [25].
Moreover, other genes owing diverse functions
are reported to fluctuate during the day. DAPK1,
whose expression has strong circadian charac-
teristics [6], is associated with regulation of
apoptosis. Genome-wide expression analysis
reveals that the expression of LPIN1 which reg-
ulates the fatty acid catabolic process is circa-
dian dependent [26].

Cluster 3 is composed of genes whose activity
peaks at night and is enriched in functions
associated with metabolism, including amino
acid metabolism such as nitrogen metabolism
(Carl4, Carba, Cth, GIs2), alanine, aspartate
and glutamate metabolism (Abat, Agxt2, GIs2,
LOC641316), glycine, serine and threonine
metabolism (Agxt2, Cth, Gldc), arginine and
proline metabolism (Agmat, GIs2), beta-alanine
metabolism (Abat, Dpys), and carbohydrate
metabolism such as glycosaminoglycan degra-
dation (Gns, Gusb), propanoate metabolism
(Abat, Acacb), starch and sucrose metabolism
(Gusb, Pygl). In addition, an important clock
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) patic synthesis of glutathione,
2.5 Abat catalyzing gamma-aminobu-
tyric acid (GABA) and GLDC being
associated with glycine metabo-
lism are regulated by circadian
rhythmcity [6]. Moreover, the
expressions of genes such as
Chka, Cth, and Agxt2, whose func-
tions are associated with biosyn-
thesis of steroids, fluctuate during the day [26].
KYNU and AKR1C18 regulating the cofactor
metabolism rhythmically [6] appear in this

group.

Finally, Cluster 4 reaches its peak activity
around midnight and is enriched in functions
associated with DNA replication and repair,
such as mismatch repair (Rfc2, Rfc5), DNA rep-
lication (Rfc2, Rfc5), and non-homologous end
joining (Rad50). Similarly, some genes regulat-
ed by circadian rhythm reported by previous
studies are found in this cluster. Timeless, an
output circadian gene whose mRNA expression
has also been detected in most peripheral tis-
sues examined in both human and mouse [27].
Calmlis atime dependent gene in human skel-
etal muscle [22].

Comparison of circadian expression patterns
in sham and burn conditions

In order to determine whether the expression of
temporally expressed genes identified in the
sham group is disrupted we explored the dif-
ferentially expressed genes following induction
of the burn injury. Following burn injury, 1034
probe sets are identified to be significantly.
Careful analysis of the data reveals the follow-
ing significant results indicating that the major-
ity of the probesets differentially expressed in
the sham group change expression patterns
following thermal injury. Generally, of the 352
probe sets constituting these 4 dominant circa-
dian patterns, 309 (88%) have lost their tempo-
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Figure 3. Comparison of dynamics of temporally expressed shamburn treated clusters after burn injury injury. Aver-
age z-scored temporal gene expression patterns in burn (red) and sham (blue) groups. Paired t-tests were used to
determine significant changes (p<0.005) between sham and burn clusters at corresponding time points.

ral circadian variability. Specifically, 51 out of
52 probes constituting sham cluster 1 are not
differentially expressed following burn injury
whereas of the 83 probe sets of sham cluster
4, none are circadian expressed after burn.
Moreover, 142 out of 153 probesets in cluster
3 in the sham group are not differentially
expressed in the burn condition, while cluster 2
genes show the least disruption relative to
other clusters with about half of the probe
sets in cluster 2 not being differentially
expressed following burn injury.

Figure 3 shows the detailed transcriptional pat-
terns of the four clusters under sham and burn
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conditions. t-tests between corresponding time
points reveal that following burn injury, the
average expression profile of cluster 1 genes
shows a marked decrease in peak expression
value (at ~ZT8) and also a significant increase
in nadir expression value (at ~ZT24). Cluster 3
shows a significant increase in the nadir expres-
sion value (~ZT8), and a decrease in peak
expression value (~ZT24). The average expres-
sion profiles of both these cluster show a
marked decrease in amplitude after the burn
injury is induced. On the other hand, the aver-
age expression profile of the genes in pattern 2,
which show a peak in activity level (ZT2) soon
after those of pattern 1, remains particularly
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Figure 4. Transcription Factor Families. Putative transcription factor families regulating the identified differentially

expressed genes.

unaffected in the burn injury group with no sig-
nificant changes in expression between sham
and burn groups at any of the corresponding
time points.

Temporal variation in transcriptional patterns
of clock controlled transcription factors

In our previous study we hypothesized that TFs
(transcription factors) that are downstream tar-
gets of the core clock transcription factor,
CLOCK: BMAL1 might regulate the expression
of the temporally expressed genes identified in
our analysis [10]. In doing so we identified a set
of TF families that each regulate at least three
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of the four clusters (Figure 4). We further found
that 10 clock-controlled TFs from these fami-
lies were temporally differentially expressed in
the sham treatment group. In this study we
explore the possibility of whether expression
profiles of the individual TFs in the burn group
might be indicative of the altered temporal
dynamics of the clusters they regulate. The
expression profiles of the individual TFs of the
sham group relative to the burn group are
shown in Figure 5. It is worth noting that the
changes in expression profiles of many of the
TFs in the burn group are similar to changes in
expression patterns of the clusters they
regulate.

Int J Burn Trauma 2016;6(2):12-25
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Figure 5. Temporal dynamics of
differentially expressed transcrip-
tion factors. Temporal variation
in transcription factor dynami-
cs in burn (red) and sham (blue)
groups. t-tests were used to deter-
mine a significant change in aver-
age z-scored expression values at
corresponding time points for burn
and shamburn treatment groups
(p<0.05).

Discussion

Robust circadian entrainment
is associated with fitness,
while abnormal rhythms are
characteristic of stress and
have been linked with illness
[28, 29]. Thus, time-of-day va-
riations in immune response
are ubiquitous and the implica-
tions are profound. As early as
fifty years ago it was docu-
mented that LPS-induced en-
dotoxin shock in mice depends
on when, during the circadian
cycle, LPS is administered
[30]. More recently Liu et al.
documented that mice survival
rate following LPS injection
drops from 70-80% when LPS
is administered at 2am or 9am
to about 40% when adminis-
tered at 2pm or 9pm [31].
These, and many other, results
indicate the significance of cir-
cadian rhythmicity in the im-
mune response.

The liver expresses a diverse
set of genes and previous
research indicated that many
of hepatic genes are under
direct or indirect circadian con-
trol [6]. Applying a very strin-
gent filtering and clustering
strategy, which reduces the
possibility of selecting non cir-
cadian genes, our results show
that 352 probe sets oscillate in
a circadian manner. Our func-
tional enrichment analysis
revealed circadian regulated
functions associated with the
immune system, energy pro-
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duction, metabolism and DNA replication and
repair. Immune system functions, including
lymphocyte proliferation, natural killer cell
activity, humoral immune response, absolute
and relative numbers of circulating white blood
cells and their subsets, cytokine levels, and
serum cortisol, are known to be entrained by
circadian cues [23]. It has also been previously
reported that TNFa secretion was significantly
increased in burn vs. sham isolated spleno-
cytes cells only when injury took place in the
morning [32] further verifying that the response
to injury is time-of-day dependent as a result of
the circadian variability of the immune func-
tions. Energy production is also time-of-day
dependent. It is reported that the production of
ATP in rat liver is also regulated by the circadian
rhythm and is lower in the dark phase [33]. The
liver plays an important role in the orchestra-
tion of metabolic functions such as the regula-
tion of metabolic fuels, protein synthesis, iron
and vitamin storage, as well as nutrient intake
[34]. As might be expected, animals subjected
to a light-dark schedule display pronounced
rhythms in glycogen content, with a peak occur-
ring late in the night, following the main period
of food intake. This is also in agreement with
our result that metabolic functions, especially
glucose metabolism, reach their peak during
the dark phase. The strategy of adaptive circa-
dian clocks could be also timing of UV-sensitive
cellular processes to occur at night to avoid
UV-induced damage [35]. Our analysis showed
that functions related to DNA replication/repair
(cluster 4 in shamburn) achieve a maximum
activity around midnight.

Following burn injury, hepatic responses are
triggered and the functional characterization
demonstrates that the expressed probe sets
are related to the early pro-inflammatory, later
pro-inflammatory and anti-inflammatory res-
ponses. The activation of the pro-inflammatory
response is known to involve a number of inter-
related steps forming a complex signal trans-
duction cascade. Once the pro-inflammatory
response has mounted it serves as a subse-
quent signal for stimulating the anti-inflamma-
tory response, which helps to inhibit pro-inflam-
matory signals and drive the system back to
homeostasis.

In order to explore how the burn injury affects
the circadian regulated genes’ expression, we
take all the identified circadian regulated probe-
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sets and check how they are expressed in the
burn condition. It is informative to study the
characteristics and functions of all these circa-
dian regulated probesets including those both
losing circadian variability and being temporally
expressed in burn condition:

The genes constituting sham clusters one
and four appear to have lost their temporal
dynamics after burn. Specifically, of the 52
probes of sham cluster 1, only one is tempo-
rally expressed after burn, whereas of the
83 probe sets of sham cluster 4 none are
expressed after burn. Further analysis reveals
the average expression profile of cluster 1
shows a marked decrease in peak expression
value (at ~ZT8), while cluster 4 also shows a
significant decrease in the amplitude of
oscillation at ~ZT8 and ~ZT24, similar to that
seen in patterns 1 and 3 (Figure 3). The obser-
vation that the entire set (almost) of genes
constituting sham cluster 1 is not differentially
expressed in the burn condition indicates that
sham cluster 1, representative of the immune
system response, is suppressed post burn.
Severe injury, such as burn, induces a state of
immune suppression that predisposes burn
and trauma patients to infection and sepsis.
Genes which show a marked decrease in
expression at ~ZT8 such as Myd88, Gnai3,
Chuk, and Crp are associated with IL-1 signal-
ing, T-cell activaiton and the acute phase
response signaling. Extensive thermal trauma
results in impaired immune function which has
been attributed to a reduction in T lymphocyte
numbers, increased suppressor cell activity,
serum suppressive factors, altered receptor
expression on T cells [36]. This is also
supported by our prior gene expression stud-
ies, which reveal that an initial upregulation
of pro-inflammatory cytokines was resolved
within 8 hours post administration of the burn
injury [37]. The suppression of the expression
of cluster 1 here may be an indication for
postburn immune suppression.

Of the 64 probe sets constituting the circadian
pattern of sham cluster 2, 31 are temporally
expressed following burn in a coherent manner,
whereas the remaining probes are not circadi-
an expressed after burn. The average expres-
sion profile of the genes in this cluster remains
particularly unaffected in the burn injury group
with no significant changes in expression
between sham and burn groups at any of the
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corresponding time points. The clustered heat
map for pattern 2 shows that nearly none of
the genes in this cluster shows a significant
change in expression. This may be an indica-
tion that in fact these are genes whose ex-
pression is not affected by the burn injury.
Among those we identify genes involved mito-
chondrial energy production (Ppargcla), as
well as diverse functions such as cell-cycle
maintenance (Crem, Gechl). It can therefore be
hypothesized that the criticality of these func-
tions drives their robustness in the face of an
external stressor. Our previous study [10] has
shown that genes in cluster 2 might be under
greater circadian control in comparison to
those in other clusters (further discussed in the
following section). Our data from the present
study supports this hypothesis, since the
expression profile of cluster 2 genes is relative-
ly unaffected following burn injury. Interestingly
this cluster also consists of genes such as
Lpin1, whose activity is inversely associated
with the secretion of very low-density lipopro-
tein (VLDL) [38, 47]. Under homeostasis,
increases in hepatic triglycerides are accompa-
nied by increases in VLDL-triglycerides resulting
in decreased accumulation of hepatic triglycer-
ides [41]. However, following burn injury, the
rate of VLDL-triglyceride synthesis has been
previously observed to be unchanged contrib-
uting to the incidence of hepatic steatosis
[39]. Therefore, the relatively unchanged
expression of genes associated with VLDL
secretion (Lpin1l) might indicate a maladaptive
response to burn injury. Moreover, this cluster
includes genes associated with cell-cell junc-
tion and membrane integrity of endothelial
monolayer. Though no direct report on the dam-
age of the liver endothelial cells by burn injury
is available, many studies reveal that intestinal
permeability is increased in burn patient
shortly after injury partly due to the junction
integrity alterations [40]. Suppression of probe
sets functioning as cell-cell junctions and
membrane structural integrity may be indica-
tion of the damage of the burn to liver.

Of the 153 probes constituting sham cluster
three, 11 are also expressed under burn. It is
important to note that the common probes
under burn exhibit a fundamentally different
expression dynamics (early up-regulation) com-
pared to sham cluster 3 (early-down-regula-
tion). Among them, Pygl, functioning as regula-
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tor of glucose homeostasis and glycogen cata-
bolic process is activated by burn. Following
burn, catabolism is one of the most significant
signatures for burn-induced symptoms. It is
also interesting to notice that the remaining
142 probe sets in this cluster are not tempo-
rally expressed after burn, with significant
upregulation at ZT8 and downregulation at
ZT24 compared to the sham group. Amongst
the cluster 1 genes acacbh inhibits the beta-
oxidation of fatty acids to acetyl coA and their
entry into the tricarboxylic cycle (TCA), while
daglb promotes lipolysis by the break down of
diacylglycerol. The increased concentration of
free fatty acids due to increased lipolysis can
either be oxidized or re-synthesized to triglycer-
ides [41]. However, since it is possible that
beta-oxidation, regulated by the expression of
Acacb is impaired after burn injury step this
could imply an accumulation of hepatic triglyc-
erides, which is well-documented in burn
patients. Furthermore, this cluster also con-
sists of genes involved in glucose metabolism
such as Cth, which increases gluconeogenesis
and glycogenolysis. Thus, it may be hypothe-
sized that shamburn cluster 3 functions as an
indicator of metabolism, activated following
burn. Significant evidence suggests that the
metabolic rate in burns is extremely high; ener-
gy requirements are immense and are met by
the mobilization of proteins and amino acids.
The hypermetabolism is demonstrated by
accelerated metabolic rates, increased gluco-
neogenesis, increased nitrogen loss and loss
of lean body mass, stimulated acute-phase
protein synthesis in the liver, and abnormalities
in lipid metabolism [42]. Thus, our result may
be an early indication for the burn-associated
hypermetabolism.

It is well known that feeding/fasting cycles are
dominant zeitgebers of circadian clocks and,
feeding regimens may potentially be altered fol-
lowing burn injury because of burn associated
anorexia. In our study, the 20% TBSA thermal
injury model was chosen because it has nearly
100% long-term survival, no evidence of sys-
temic hypoperfusion, and no significant impact
on feeding patterns. As seen in Figure 2, ani-
mal body weights were monitored daily and
found to increase at the same rate in both
groups. Thus, the desynchronization of rat liver
following burn was not likely due to associated
anorexia.
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Hepatocytes are by far the main cellular com-
ponent of the liver constituting approximately
78% of the parenchymal volume whereas endo-
thelial cells, Kupffer cells, fat storing cells and
blood cells account the rest [43]. It might be
speculated that the composition of the liver
could change following burn injury (for example
due to inflammatory cell infiltration), which in
turn could impact on the measured gene
expression patterns. Cakir et al. did not report
any inflammatory cell infiltration by histological
analysis of liver whereas they observed a mas-
sive inflammatory cell infiltration in the gastric
and colonic tissues in 30% TBSA burn injury
rat models [44]. Basakaran and co-workers
observed minimal neutrophil recruitment in
liver following a 20% TBSA burn in rats; howev-
er, the cell infiltration in liver was found to be
about two orders of magnitude lower when
compared to that of lung [45]. It has also been
reported that the circulating leukocyte concen-
tration profile does not change significantly in
the 30% TBSA burn model in rats [46].
Therefore, we could safely assume that in our
20% TBSA burn injury model used herein, it is
very unlikely that there was a change in the
composition of the rat liver that could signifi-
cantly impact on the measured gene expres-
sion profile.

Temporal variation in transcriptional patterns
of clock controlled transcription factors

Changes in the expression patterns of many of
the individual TFs in the burn group have trends
similar to the changes in expression of the clus-
ters they regulate. Transcription factors with an
early peak such as Stat5a, Foxo3, and Rarb
regulate cluster 3 and their expression profiles
show an early upregulation (ZT4-ZT8) similar to
the changes seen in cluster 1 (Figure 5).
Similarly, KIf9, and Ahr, which regulate cluster
2, do not show an appreciable change in
expression after the burn injury is adminis-
tered, while Atf6 and Stat3, which show puta-
tive binding sites on the promoter set of cluster
1 show a trend towards being downregulated at
~ZT8 and upregulated at ~ZT24 respectively.

Though transcription factor activity is not
always indicative of transcriptional dynamics,
the above noted similarities might imply a coop-
erative transcriptional influence on dynamics of
the circadian relevant genes. For instance,
studies have shown that an increase in Statb
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signaling results in an upregulation of acetyl
CoA carboxylase (in cluster 3) a gene whose
expression is related to hepatic insulin resis-
tance and inhibition of beta-oxidation of lipids
[37, 49]. Furthermore, Statba expression is
inversely related to Stat3 expression as seen in
Figure 5. A loss of statba is associated with an
increase in the incidence of liver fibrosis, apop-
tosis as well as hepatic steatosis through
increased TGF-B and Stat3 signaling [50].
Therefore, a relative decrease in Statb5a and
increase in stat3 signaling at ~Z2T24 could pro-
mote increased liver damage.

Our analysis of the TF families shows that clus-
ter 2 has the multiple overlapping levels of reg-
ulation [10] (Figure 4). We hypothesized that
this would result in genes of cluster 2 being
more robust to disruptions in temporal expres-
sion. Indeed, we see that the expression of
cluster 2 genes is relatively unchanged after
burn treatment (Figure 3). This suggests that
these TFs may contribute to the robustness of
circadian rhythm of pattern 2 genes through
multiple levels of transcriptional regulation pro-
viding redundancy. On the other hand, cluster 4
genes are only indirectly regulated by TFs influ-
enced by clock-controlled and possibly have
the weakest circadian regulation relative to the
three other clusters identified. Thus, the lack of
overlapping layers of regulation might be indic-
ative of their sensitivity to circadian disruption.
This hypothesis is supported by our results,
where none of the genes in cluster 4 are differ-
entially expressed after burn injury. Genes of
cluster 1 and cluster 3 are predominantly asso-
ciated with innate immunity and metabolism
respectively, and are under similar circadian
regulation despite being significantly separated
in circadian time. Recent studies have shown
that metabolic and immune functions are high-
ly coordinated in regulating host response to
injury. Our results show that cluster 1 and clus-
ter 3 genes are particularly sensitive and might
be indicative of the closely linked incidence of
hypermetabolism and immune-suppression in
response to the burn treatment [47].

Conclusions

The mechanisms of disruption of host rhyth-
micity have been observed and studied exten-
sively by applying various external stressors
since the interrelationship between immune
system and circadian rhythms have been dis-
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covered. It has been reported that in vivo endo-
toxin synchronizes and suppresses clock gene
expression in human peripheral blood leuko-
cytes [5] while continuous administration of
IFN-alpha significantly decreased CLOCK and
BMAL1 protein levels in the SCN and liver in
mice, thereby preventing oscillations in the
expression of clock and clock-controlled output
genes [1]. Furthermore, as reported by Cavadini
[48] TNF-alpha suppresses the expression of
clock genes in mice liver by interfering with
E-box-mediated transcription. These results
might point to the possibility of suppressing the
rhythmcity of key clock genes through stimula-
tion of the innate immune system by various
immune mediators.

In this study we explored the hypothesis that
stimulation and rapid release of diverse pro-
inflammatory mediators triggered by burn injury
could alter the circadian rhythm regulated gene
expression and disrupt primary homeostatic
dynamics in liver. Study limitations include the
use of mixed cell populations; although primary
hepatocytes are the major cell type of the liver,
our results might also capture the expression
due to the resident inflammatory cell popula-
tions that are influenced by the induction of the
burn injury. Furthermore, due to data limita-
tions, we use strict cut-offs in identifying differ-
ential expressed genes, which resulted in many
well-known circadian genes being excluded
from our filtered data set (see Supplementary
material, sheet ‘filtering’). Our results revealed
that the burn disrupts the expression of the
genes, which are primarily regulated by clock
and clock-controlled TFs. Specifically, first, we
observed that majority of the probesets in
sham cluster 3 representative of nutrition
metabolism are not differentially expressed
under burn, thus “up-regulated” relative to
sham indicating thermal injury significantly up-
regulated metabolism related gene. This result
suggests a potential mechanism to explain the
onset of hypermetabolism, a well-known char-
acteristic of burn injury with potential adverse
outcome. Secondly, we find that many of genes
in cluster do not show a significant disruption in
their expression after induction of the burn inju-
ry. However, we find that cell-cell junction and
membrane structure related genes in sham
cluster 2 are not differentially expressed follow-
ing burn injury. The suppression could be an
indication of hepatic damage due to the burn
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response. Third, we observed a suppression of
the immune function related gene expression
in shamburn cluster 1, which may be associat-
ed with the severe immunosuppression seen in
the postburn phase. An intriguing possibility is
whether the disruption of the circadian rhythms
could play a role in the dysregulation of the
immune system following burn injury. The con-
sequences of these changes and in particular
on the response of the host to subsequent
challenges-such as nosocomial infection-war-
rant further investigation.
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