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Original Research
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Impact statement
This study provides the first pilot analysis

of the changes occurring in transcriptome

expression of whole blood in hemorrhagic

shock (HS) rats. We showed that the ana-

lysis of blood transcriptome is a useful

approach to investigate pathways and

functional alterations in this disease con-

dition. This pilot study encourages the

possible application of transcriptome

analysis in the clinical setting, for the

molecular profiling of whole blood in HS

patients.

Abstract
Hemorrhagic shock is a leading cause of morbidity and mortality worldwide. Significant

blood loss may lead to decreased blood pressure and inadequate tissue perfusion with

resultant organ failure and death, even after replacement of lost blood volume. One

reason for this high acuity is that the fundamental mechanisms of shock are poorly under-

stood. Proteomic and metabolomic approaches have been used to investigate the molecu-

lar events occurring in hemorrhagic shock but, to our knowledge, a systematic analysis of

the transcriptomic profile is missing. Therefore, a pilot analysis using paired-end RNA

sequencing was used to identify changes that occur in the blood transcriptome of rats

subjected to hemorrhagic shock after blood reinfusion. Hemorrhagic shock was induced

using a Wigger’s shock model. The transcriptome of whole blood from shocked animals shows modulation of genes related to

inflammation and immune response (Tlr13, Il1b, Ccl6, Lgals3), antioxidant functions (Mt2A, Mt1), tissue injury and repair pathways

(Gpnmb, Trim72) and lipid mediators (Alox5ap, Ltb4r, Ptger2) compared with control animals. These findings are congruent with

results obtained in hemorrhagic shock analysis by other authors using metabolomics and proteomics. The analysis of blood

transcriptome may be a valuable tool to understand the biological changes occurring in hemorrhagic shock and a promising

approach for the identification of novel biomarkers and therapeutic targets.
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Introduction

Hemorrhagic shock (HS) results in significant morbidity
and mortality worldwide.1,2 It is a leading cause of death
with a global financial burden of $518 billion/year.
Characterized by inadequate tissue perfusion and oxygen
delivery, despite decades of research, there exists no con-
sensus as to the fundamental mechanisms of shock, nor has
an optimal treatment strategy been achieved.1 Clinical inter-
vention is aimed at restoring patient hemodynamics by
re-establishing adequate systemic arterial pressure, cardiac
function and organ perfusion. However, reperfusion after
circulatory shock is frequently followed by a systemic

severe inflammatory response syndrome that may lead to
multi-organ failure (MOF)3 and death.

The trigger mechanisms that induce tissue damage in
MOF at the molecular level are unclear. The microvascula-

ture is a target of shock, being very sensitive to the deleteri-

ous effects of hypoxia induced by ischemia and

reoxygenation following reperfusion.4 Molecular, cellular

and biochemical changes have been reported in endothelial

cells lining blood vessels exposed to I/R.5 These include

endothelial glycocalyx shedding,6 excess reactive oxygen

species (ROS) production,7 and leukocyte activation.4
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In shock, cardiovascular function is impaired and the
circulating components of this system continuously interact
with all cells and tissues of the body. Circulating blood may
reflect mechanisms occurring in tissues and organs directly
involved in the disease process as well as modulate these
mechanisms. The potential of blood to be used as a ‘‘finger-
print’’ for different disease states has been demonstrated in
several conditions.8 In HS, modified expression of genes
and pathways in whole blood may have the potential to
highlight both specific functions activated by circulating
cells and general mechanisms of cellular adaptation to
altered physiological conditions. Whole blood samples,
that include white and red blood cells and platelets,
have the advantage of being easily accessible and thus are
a potentially valuable source for biomarker identification in
the clinical setting. The use of whole blood allows a global
overview of the transcriptome, when there is no specific
interest in the individual contributions of each cell type.

In this paper, we present the results of a pilot study
aimed at profiling the transcriptome of peripheral whole
blood of HS rats compared to healthy controls by means
of RNAseq technology.

Materials and methods
Experimental protocol

The experimental protocol was conducted as described in
detail in Aletti et al.9 Briefly, six male Wistar rats (300–450 g,
Harlan Laboratories, Inc., Indianapolis, IN) were randomly
assigned to either a control (CTRL, n¼ 3) or a HS (n¼ 3)
group. All rats were anesthetized (xylazine, 4 mg/kg; keta-
mine 75 mg/kg i.m.), and the right femoral vein and artery
were cannulated for blood withdrawal and intravenous
supplemental anesthesia, and for continuous monitoring
of arterial pressure, respectively. Body temperature was
maintained at 37�C via water-heated support and heat
blanket. Animals were allowed 5 min for hemodynamic
stabilization after induction of anesthesia and vascular
line placement, and then were heparinized (1 unit hep-
arin/cc estimated total blood volume, estimated at 6%
body weight) to ensure patency of vascular access lines.
The HS model chosen for this experimental study is the
Wiggers’ model. Hypovolemia was achieved by with-
drawal of blood from the femoral vein (0.5 cc/min) to a
target mean arterial pressure (MAP) of 35 mmHg, and
maintained for 2 h. The shed blood was then reinfused
(0.5 cc/min), and the animals were monitored for an add-
itional 2 h, before euthanasia (Beuthanasia-D, 120 mg/kg,
Merck Animal Health). The shed blood was maintained at
room temperature during the hypovolemic period (�22�C)
and gently warmed to 37�C before reinfusion to minimize
the temperature gradient.

CTRL animals were treated identically except for actual
hemorrhage. Death was confirmed by verification of car-
diac arrest after thoracotomy.

The animal protocol was reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at
the University of California, San Diego and conforms to the
Guide for the Care and Use of Laboratory Animals, 8th
edition, by the National Institutes of Health (2011).

Blood collection and RNA extraction

At the conclusion of the 120-min observation period which
followed blood reperfusion (before euthanasia), venous
blood was collected from each animal in EDTA-coated
tubes and maintained on ice. Four hundred microliters of
whole blood was immediately added to 400ml of denatur-
ing solution (Ambion, USA), in duplicate. Total RNA was
extracted from 800ml of treated blood with MirVana Paris
Kit (Ambion, USA). RNA quality control was performed on
all RNA samples with an electrophoretic run on Agilent
Bioanalyzer instrument using the RNA 6000 Nano Kit
(Agilent, Santa Clara, CA). RNA Integrity Number (RIN)
was determined for every sample, and all samples were
considered suitable for processing based on the RNA integ-
rity (RIN> 8). RNA concentration was estimated through
spectrophotometric measurement using a Nanoquant
Infinite M200 instrument (Tecan, Austria).

As regards healthy controls, a blood sample was with-
drawn at the end of a period of observation under anesthe-
sia of the same duration as the shock experiment.

Library preparation for RNA sequencing

Sequencing libraries were prepared using the TruSeq
Stranded Total RNA with Ribo-Zero Globin Kit (Illumina,
San Diego, CA) using 900 ng of total RNA as input. The kit
uses oligo-attached magnetic beads to remove rRNA and
globin mRNA from total RNA. The remaining RNAs were
purified, fragmented at 94�C for 8 min and primed with
random hexamers for cDNA synthesis. Multiple indexing
adapters were ligated to the ends of ds cDNAs that were
then amplified with 10 PCR cycles. Final libraries were vali-
dated and quantified with the DNA1000 kit on Agilent
Bioanalyzer Instrument. Pooled libraries were sequenced
on the HiSeq2500 Instrument producing 50� 2 bp paired
end reads.

Analysis of sequencing data

Raw reads were first checked for quality using FASTQC
(v0.11.2) (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Input reads were then aligned to the rat
reference genome (Rnov 6.0, ensembl release 82) using
STAR aligner (v2.4.2).10 We tuned indexing and alignment
parameters in order to deal with 50� 2 bp paired end reads
and obtain only uniquely mapped fragments. We used the
rattus norvegicus ensembl v.82 gene transfer file (GTF) as
reference annotation for alignment and calculation of
sequenced fragments overlapping features. In particular,
we performed strand-specific fragments counting (-s 2
and –minOverlap 2) using featureCounts (v.1.5.0)11 avail-
able in the Subread package. The gene counts matrix
was then processed in R environment by DESeq2 12 (v1.
10.1) and EdgeR13 (v3.2.1) packages. Gene count matrix
pre-processing and differentially expressed genes (DEGs)
identification were performed in parallel with DESeq2
and EdgeR adopting their default normalization methods
(median of ratios and trimmed mean of M values
(TMM), respectively). In the analysis performed with
EdgeR, we required at least three samples having normal-
ized read counts of 3 cpm (three counts per million aligned
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fragments), in order to include a gene in the differen-
tial expression analysis. We selected DEGs with p.adj
value (FDR)< 0.05. Final DEGs list includes genes
common to both pipelines. All DEGs were checked by
visual inspection using Integrative Genome Viewer.
Genes with inconsistency between reads mapping coverage
and reference gene model were discarded from down-
stream data analyses.

Downstream bioinformatics analysis

We used ClueGO v2.2.5 software14 to identify enriched bio-
logical processes, starting from the list of identified DEGs.
We used as input the list of DEGs gene symbols. Parameters
were set up in order to decrease redundancy by fusing-
related terms that share similar gene sets. We applied
the default embedded statistical test in ClueGO that is an
overrepresentation analysis (ORA) based on a two-
sided hypergeometric test that uses Bonferroni as multiple
testing correction. Enriched terms were grouped through a
Kappa Statistics (kappa score threshold 0.4) in order
to reduce the complexity of the results. Only enriched clus-
ters with a p-value< 0.05 were considered statistically
significant.

Molecular functions of DEGs were investigated with a
manual approach, and DEGs were systematically searched
for citations in PubMed database, using ‘‘ischemia and
reperfusion’’ and ‘‘hemorrhagic shock’’ as keywords.

Results

To induce HS, blood was withdrawn to a target MAP of
35 mmHg, and maintained for 2 h, at which time the shed
blood was reinfused. The animals were observed for 2 h
following reinfusion and blood samples for RNAseq were

taken at the end of this period. During this time, despite the
restoration of euvolemia and the initial recovery of basal BP
levels, BP progressively decreased (Figure 1).

In the RNAseq experiment, on average, 66.91� 8.83 M
reads per sample were obtained (91.93%� 2.73 mapping
to Rnov6) and 11.14� 3.43 M fragment counts per sample
mapping uniquely and unambiguously to Rnov6 ensembl
v.82 gtf annotation file. According to the threshold used to
consider a gene expressed (cpm> 3 in at least three sam-
ples), we found an average of 8364� 119 expressed genes in
the six animals. We performed a principal component ana-
lysis (PCA) on the top 500 most variable genes in HS and
CTRL rats. The PCA plot (Figure 2) shows the two groups of
rats clearly separated on the first PC.

The gene expression profile of HS and CTRL samples
were compared to identify DEGs. We identified 136 DEGs
(FDR< 0.05) (Figure 3, Supplementary Table 1), with 67
upregulated and 69 downregulated genes in HS compared
with CTRL rats.

Functional analysis using ClueGO detected the enrich-
ment of seven gene ontology clusters: leukocyte chemo-
taxis, positive regulation of I-kB kinase in the NF-kB
signaling pathway, negative regulation of cellular response
to insulin stimulus, response to zinc ion, cholesterol meta-
bolic processes, tricarboxylic acid cycle and regulation of
extrinsic apoptotic signaling pathway (Table 1).

ClueGO analysis, complemented with a literature-based
search, highlighted 39 DEGs, whose functions are related to
inflammation, immune system, lipid and amino acid
metabolism, ROS scavenging, tissue repair and inhibition
of protease activity (Table 2). Some of the identified DEGs
have been previously linked to HS and/or ischemia-
reperfusion. In detail, we identified the involvement of
genes encoding Pattern Recognition Receptors (Tlr13,

Figure 1 Mean arterial pressure tracing during the acute hemorrhagic shock experiment (A color version of this figure is available in the online journal.)
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Clec4b2, Tlr7, Ly86), and inflammation-related genes
(Il1b, Ccl6, Il18r1, Lgals3, Hyal2, Hpk1, Jam2, Amica1,
C5ar, Cfd, Tnfaip3, Nfkbie). In HS rats, functions of the
adaptive immune system were downregulated (Cd79b,
Ighm, RT1-Ba, RT1-Da, RT1-Db1, RT1-N3 and Ms4a1). A
change was found in the expression level of genes related
to the lipid pathway (Alox5ap, Ltb4r, Ptger2, Ffar2, Ldlr)
and amino acid metabolism (Ass1, Bcat1, Ggt1, Prodh).
We also observed in HS rats the upregulation of genes

with protective functions, including ROS scavenging
(Nqo1, Mt2A, Mt1), inhibition of neutrophil protease activ-
ity (Olfm4, Cst7) and tissue repair (Gpnmb, Trim72).

Discussion

The aim of the present pilot study was to describe the effects
of blood reperfusion following prolonged hypovolemia on
the blood transcriptome in an acute experimental model of

Figure 3 Heatmap of gene expression for 136 genes differentially expressed between HS and CTRL rats. Each column represents an animal (CTRL and HS), with

animals clustered by similarity using a hierarchical clustering. The gene expression level is represented by a color scale gradient ranging from blue (lower expression) to

red (higher expression) (A color version of this figure is available in the online journal.)

Figure 2 Principal component analysis (PCA) on the top 500 most variable genes in HS and CTRL rats (A color version of this figure is available in the online journal.)
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HS. We used a well-studied model of HS that has blood
pressure as primary end point.15

Blood samples for transcriptome profiling were collected
at the end of the two post reinfusion hours, to assess the
acute effect of HS.

The 136 genes that significantly changed their expression
between CTRL and HS rats are predominantly related to
acute inflammation, pattern recognition receptors, immune
response, ROS scavenging, tissue injury and repair. Shock
induces a systemic inflammatory response after the primary
injury. Injured tissues release damage-associated molecular
patterns (DAMPs), the alarmins that promote the inflamma-
tory response, the production of pro-inflammatory cytokines
and immune cell chemotaxis.16 In our study, Tlr13, an innate
pattern-recognition orphan receptor expressed by innate
immune cells in rodents, was upregulated in HS rats.
Our data confirm the observation of Mira et al.,17 who
detected the upregulation of Tlr13 in a murine model of
HS/polytrauma, suggesting a role of TLR13 in binding
DAMPs released by injured tissues after trauma. Similarly,
the C-type lectin Clec4b2, a member of the C-type lectin
receptors that functions as a pattern recognition receptor,
was upregulated in HS rats. Conversely, downregulation
was observed for toll-like receptor 7 (Tlr7) that binds single
stranded viral RNA18 and for lymphocyte antigen
86 (Ly86 alias Md-1), an accessory molecule involved in
inhibition of TLR signaling.19 Along with modifications of
the expression of pattern recognition receptors, we observed

Table 1 Results of gene ontology overrepresentation analysis (ORA)

GOID GOTerm Cluster Adj.pval Gene symbols

GO:0006099 Tricarboxylic acid cycle 1 1.90E-03 Dlst, Idh2, Pdha1

GO:0032675 Regulation of interleukin-6 production 2 9.60E-05 Bank1, Hyal2, Il1b, Tlr7, Tnfaip3

GO:0032722 Positive regulation of chemokine production 2 9.60E-05 Ffar2, Il1b, Tlr7

GO:0032755 Positive regulation of interleukin-6 production 2 9.60E-05 Hyal2, Il1b, Tlr7

GO:0032757 Positive regulation of interleukin-8 production 2 9.60E-05 Ffar2, Hyal2, Il1b, Tlr7

GO:0050729 Positive regulation of inflammatory response 2 9.60E-05 Alox5ap, CcI6, Ffar2, Hyal2, Il1b

GO:0002675 Positive regulation of acute inflammatory

response

2 9.60E-05 Alox5ap, Ffar2, Il1b

GO:0043123 Positive regulation of I-kappaB kinase/NF-

kappaB signaling

2 9.60E-05 Il18r1, Il1b, Ltbr, Nfkbie, Prkcb, Tlr7

GO:0072604 Interleukin-6 secretion 2 9.60E-05 Bank1, Hyal2, Il1b

GO:0042307 Positive regulation of protein import into

nucleus

2 9.60E-05 Hyal2, Il18r1, Il1b, Tlr7

GO:0042346 Positive regulation of NF-kappaB import into

nucleus

2 9.60E-05 Il18r1, Il1b, Tlr7

GO:0030595 Leukocyte chemotaxis 3 5.50E-04 C5ar1, CcI6, Ffar2, Il1b, Jaml, Lgals3,

Swap70

GO:0097529 Myeloid leukocyte migration 3 5.50E-04 C5ar1, CcI6, Il1b, Jaml, Lgals3, Swap70

GO:0030593 Neutrophil chemotaxis 3 5.50E-04 C5ar1, CcI6, Il1b, Jaml, Lgals3

GO:1900077 Negative regulation of cellular response to

insulin stimulus

4 5.50E-04 Il1b, Mzb1, Prkcb, Trim72

GO:2001236 Regulation of extrinsic apoptotic signaling

pathway

5 2.50E-05 Hyal2, Il1b, Inhba, Itga6, Lgals3, Ltbr,

Tnfaip3, Traf1

GO:2001237 Negative regulation of extrinsic apoptotic sig-

naling pathway

5 2.50E-05 Il1b, Itga6, Lgals3, Tnfaip3

GO:2001238 Positive regulation of extrinsic apoptotic sig-

naling pathway

5 2.50E-05 Hyal2, Inhba, Ltbr

GO:0008203 Cholesterol metabolic process 6 4.70E-03 Cebpa, Fdft1, Hmgcr, Ldlr

GO:0010043 Response to zinc ion 7 2.10E-03 Ass1, Hvcn1, Mt1, Mt2A

Note: Summary table of ClueGO analysis showing overrepresented gene ontology groups. For each enriched GO term, information is provided about: identification of

gene ontologies terms (GOID, GO term); the cluster that include the GO term (Cluster); multiple testing adjusted p value obtained with Bonferroni stepwise correction

(adj.pval); the genes symbols from the uploaded cluster that were associated with the term (gene symbols).

Table 2 Differentially expressed genes and functional pathways

DEGs Functions

Tlr13, Clec4b2, Tlr7, Ly86 Pattern recognition receptors

Il1b, Ccl6, Il18r1, Lgals3, Hyal2,

Hpk1, Jam2, Amica1, C5ar,

Cfd, Tnfaip3, Nfkbie

Acute inflammation

Cd79b, Ighm, RT1-Ba, RT1-Da,

RT1-Db1, RT1-N3 and

Ms4a1

Adaptive immune functions

Alox5ap, Ltb4r, Ptger2, Ffar2,

Ldlr

Lipid pathway

Ass1, Bcat1, Ggt1, Prodh Amino acid metabolism

Nqo1, Mt2A, Mt1 ROS scavenging

Gpnmb, Trim72 Tissue and cell membrane repair

Olfm4, Cst7 Proteases activity inhibition

Note: Selection of differentially expressed genes involved in relevant functions in

the pathophysiology of hemorrhagic shock.
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in HS the downregulation of Il1b (interleukin1 beta) and
the upregulation of Ccl6 (a CC chemokine) and Il18r1
(interleukin 18 receptor), all which play a key role in acute
inflammation. Il1b was downregulated in HS rats compared
with controls, although it is a well-known proinflammatory
cytokine, suggesting that the inflammatory response
induced by HS in blood does not necessarily require the spe-
cific action of this signaling molecule. Ccl6 is an important
mediator in the recruitment of macrophages, responsible for
initiating and maintaining macrophage infiltration during
the inflammatory process,20 whereas Il18r1 is the receptor
of the powerful proinflammatory cytokine Il18. Lgals3,
which is upregulated in HS rats, encodes Galectin-3,
a member of the galectin family of carbohydrate-binding
proteins secreted by immune cells. Galectin-3 acts as an alar-
min and is involved in neutrophil activation and adhesion,
chemoattraction of monocytes, opsonization of apoptotic
neutrophils and activation of mast cells.21 Galectin-3 has
been proposed as an independent predictor of mortality
and rehospitalization in acute heart failure patients.22

Ischemia/reperfusion (I/R) that occurs in HS with resuscita-
tion is also characterized by the modification of the inter-
action between leukocytes and endothelial cells that leads
to migration of neutrophils in tissues.4 Among the molecules
involved in neutrophil adhesion functions, the hematopoi-
etic progenitor kinase 1 gene (Hpk1 alias Map4k1)23 was
upregulated in HS rats as well as Jam2, a junctional adhesion
molecule implicated in leukocyte migration.24 Amica1 (alias
Jaml) however, a transmembrane protein involved in leuko-
cyte transendothelial migration25 and T-cell costimulation,26

was downregulated in HS rats, demonstrating that within
the same functional process (leukocyte adhesion and migra-
tion) different molecules can be specifically regulated.

In HS, we observed the downregulation of genes
involved in the adaptive immune response: the immuno-
globulin genes Cd79b and Ighm, genes of the rat major
histocompatibility complex (RT1-Ba, RT1-Da, RT1-Db1,
RT1-N3), Ms4a1 encoding a transmembrane protein, select-
ively expressed on mature B cells.27 This observation is
similar to the downregulation of the adaptive immune
functions described in septic shock by Hotchkiss et al.,28

and it also suggests that common patterns can be found
in different types of shock.

In inflammation, proresolving lipid mediators are
powerful modulators and activators of the resolution mech-
anisms. For example, Alox5ap and Ltb4r, which encode the
arachidonate 5-lipoxygenase-activating protein required
for the biosynthesis of leukotrienes and leukotriene B4
receptor, were upregulated in HS. Leukotrienes are lipid
mediators produced from arachidonic acid, an essential
fatty acid, and are involved in the initial inflammatory
response and in leukocyte adhesion and chemotaxis.29

Leukotrienes and 5-lipoxigenase have been identified as
mediators of acute lung injury in a murine model of HS.30

Downregulation in HS rats was detected for the prostaglan-
din receptor Ptger2, whereas the receptors Ffar2 and Ldlr,
that bind free fatty acids and low-density lipoproteins,
respectively, were upregulated in HS rats. The finding
that receptor molecules that bind different classes of
lipids are modulated in HS rats underlines the role of

lipids as mediators of inflammation and is in line with the
changes in lipid metabolism described by D’Alessandro
et al.31 in HS. The same authors reported a derangement
of the amino acid metabolism in HS,31 as we observed for
the upregulation of Bcat1 and Ggt1 involved in amino acid
catabolism, of Ass1 participating to arginine biosynthesis
and for the downregulation of Prodh involved in proline
degradation.

The activation of the complement cascade also plays an
essential role in the adverse immune consequences of HS
and resuscitation.32 C5aR, whose ligand is the potent and
ubiquitous inflammatory stimulator C5a, is upregulated in
HS rats. In a murine model of ischemia-reperfusion, Zhang
et al.33 demonstrated that C5aR, an important pathogenic
factor in shock and myocardial injury, is upregulated in
cardiomyocytes after I/R and C5aR blockade inhibits
microvascular permeability and myocardial inflammatory
response through the suppression of MAP kinase. In HS
rats, we observed the upregulation of Cfd gene, the com-
plement factor D that cleaves and activates factor B, the
rate-limiting step of the alternative pathway of complement
activation. Similarly, D’Alessandro et al.34 and Mittal et al.35

found the upregulation of Cfd protein level in mesenteric
lymph from HS rats. The activation of the complement cas-
cade has also been observed in injured patients with a
proteomic approach,36 which showed an increase in the
levels of proteins involved in complement activation in
the mesenteric lymph of trauma patients.

Reperfusion after HS restores blood flow to organs and
tissues but it can also damage the microvasculature and
particularly the endothelial cells lining the inner surface
of blood vessels, which are extremely vulnerable to I/R.
The vascular endothelium is covered by the endothelial
glycocalyx (EG), a carbohydrate-rich layer that supports
the anticoagulant state of the endothelium and maintains
intercellular tight junctions.37 Hyaluronic acid (HA), a gly-
cosaminoglycan, is an important constituent of the EG38

and contributes to maintain its integrity. In the setting of
tissue injury, HA is degraded into lower molecular weight
fragments that promote inflammation.39 In HS rats, we
observed the upregulation of Hyal2 gene encoding a hya-
luronidase that performs HA degradation. The cleavage of
HA by Hyal2 stimulates monocytes to produce proinflam-
matory cytokines, chemokines and the recruitment of add-
itional inflammatory cells.40

Transcripts encoding inhibitors of neutrophil protease
activity were upregulated in our HS rats. Neutrophils are
the first responders to inflammation and have the ability to
release large amounts of ROS and other cytotoxic contents.
Their endogenous serine proteases, in particular elastase
and cathepsin G, when released from activated neutrophils,
can destroy host proteins and contribute to morbidity and
mortality in inflammatory diseases.41 Olfm4 and Cst7, that
are upregulated in HS rat, encode Olfactomedin 4 and
Cystatin F, respectively, which are inhibitors of neutrophil
proteases. Recently, Baumann et al.42 showed that a neutro-
phil protease inhibitor (SerpinB1) is critical for neutrophil
survival through inhibition of cathepsin G and a similar
mechanism might also occur in HS, possibly involving
Olfm4 and Cst7 as well. Using a proteomic approach,
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D’Alessandro et al.34 found a time-dependent increase of
several serine-protease inhibitors (serpins) in mesenteric
lymph of hemorrhagic rats.

The restoration of blood flow during reperfusion in HS is
a potent trigger for the generation of ROS, lipid peroxida-
tion by free radicals and further damage to ischemic tissue.7

A major source of ROS during I/R is NADPH oxidase
(NOX), which generates superoxide anion, an oxygen-free
radical. ROS rapidly react with lipids, proteins, DNA, and
activate apoptotic pathways.43 In our model of HS, we
observed that genes involved in ROS inactivation were
upregulated. Nqo1 is a cellular superoxide scavenger,
highly and rapidly inducible after exposure to oxidative
stress.44 Mt2A and Mt1, which belong to the family
of metallothioneins expressed in most cells and tissues,
are potent antioxidants and are inducible by a variety
of stress conditions.45 Mt2A is able to inhibit lipid peroxi-
dation, an important source of injury in ischemia-
reperfusion.46 In injured patients, the accumulation of
proteins involved in detoxification was observed in post
shock mesenteric lymph.36

Ass1 gene, which was up-regulated in HS, encodes
argininosuccinate synthase 1, the rate-limiting enzyme in
arginine biosynthesis that is required for sustained produc-
tion of nitric oxide (NO) by activated macrophages.47

NO production may activate stress-induced transcription
factors like NF-kB and STAT, involved in promotion of
inflammation.48 In line with this observation, in HS rats,
we found the downregulation of Tnfaip3 and NF-kBI",
which are involved in the suppression of NF-kB inflamma-
tory pathway.49

In HS rats, Gpnmb and Trim72 were upregulated as well.
They participate in tissue and cell membrane repair. Gpnmb
is a transmembrane phagocytic protein that regulates the
degradation of internalized debris and dead cells in macro-
phages. It has been described as necessary in tissue repair of
injured kidney50 and reported as a neuroprotective factor in
cerebral I/R injury.51 Trim72, tripartite motif containing 72,
plays a central role in the acute membrane repair process by
mediating a rapid membrane patching after injury.52 It is
crucial in membrane repair response in cardiomyocytes and
protects the heart from cardiomyocyte loss, showing a car-
dioprotective function in I/R injury.53 Interestingly,
although Trim72 is reported as a muscle-specific gene, we
detected its expression and upregulation in the blood of HS
rats, suggesting that Trim72 could also have an active func-
tional role also in circulating cell membrane repair.

This study represents, to the best of our knowledge, the
first pilot systematic effort at describing whole blood tran-
scriptome in HS. We used paired end RNAseq, a powerful
method for the analysis of differential expression that
shows high reproducibility and good agreement with
other methods including qPCR.54,55 Our study has the limi-
tation of a small sample size. For this reason, to increase the
robustness of our findings, we applied two widely used
pipelines for RNAseq data analysis (DeSeq2 and EdgeR)
and examined in the downstream analyses only the DEGs
identified by both methods.

The experimental protocol we used to induce HS
includes the storage of blood, after withdrawal, for 2 h at

22�C before reinfusion to restore circulating volume and
blood pressure. We assessed the potential effects of storage
on blood gene expression in a transcriptome analysis on
blood from an analogous model of swine HS. This analysis
showed that the effect of HS and reperfusion on differential
gene expression was significantly more relevant (536 DEGs
– HS vs. baseline) than the effect of blood storage (18 DEGs
– stored blood vs. baseline). Five transcripts are in common
and they account for less than 1% of 536 DEGs in swine
shock (unpublished data). Therefore, we believe that the
effect of blood storing conditions during the hypovolemic
phase in our rat experiment was negligible.

In conclusion, using whole blood as RNA source, we were
able to provide a systemic picture of gene expression changes
that are induced in whole blood by HS and reperfusion. This
experiment highlights specific functions activated in blood
cells (inflammation and immunity) and other mechanisms
of cell adaptation (ROS scavenging and cell membrane
repair). Moreover, we were able to confirm previous obser-
vations reported in HS using other -omics approaches: a
change in expression of genes encoding for lipid receptors
and amino acid metabolism is consistent with previous
metabolomics studies, as well as the increased expression
of genes with antioxidant function and of the complement
pathway which is in line with previous proteomic studies.
Therefore, blood transcriptome, as well as other -omics
methods, could prove useful to investigate the mechanisms
of HS and identify potential markers and therapeutic targets
of organ damage in hemorrhagic shock.
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