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Abstract—

Shock is associated with inflammation-induced endothelial dysfunction.

The aim of this study was to determine time-dependent alteration of blood biomarkers
related to endothelial function in hemorrhagic and septic shocks. Hemorrhagic shock
was induced by bleeding the animals. A cecal ligation and incision model was used to
induce septicemia. Resuscitation was carried out by infusion of lactated Ringer’s solu-
tion. Resuscitation extended survival time in both shock groups. Blood pressure in-
creased by resuscitation in the hemorrhagic shock but not in the septic shock. While
hemorrhage caused a decrease in plasma levels of nitric oxide (NO) and hydrogen sulfide
(H,S), asymmetric dimethylarginine (ADMA) and total antioxidant capacity (TAC)
levels were increased. Only NO and TAC levels at the late phase were reversed by
resuscitation. On the other hand, plasma levels of NO, ADMA, and TAC were increased
by septicemia and resuscitation did not alter the septicemia-induced increase. These
results indicate that blood biomarkers related to endothelial function were differentially
affected by hemorrhage and septicemia. The time scale of biomarker production should
be taken into consideration for the diagnostic and therapeutic approaches to these life-

threatening diseases.
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INTRODUCTION

Circulatory shock is an acute, life-threatening dis-
ease characterized by reduced effective blood flow of
the body tissues. In addition, a systemic inflammatory
response is also present during shock. Hemorrhage and
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sepsis are the most common causes of circulatory shock
in humans [1, 2].

Functions of the endothelium in circulatory shock
are critically important for vascular response and host
survival. Although the exact mechanism of shock re-
mains unknown, it has been suggested that endothelial
dysfunction is probably the cause and/or result of the
general inflammatory response [3, 4]. Systemic activa-
tion and dysfunction of the endothelium always end in
inadequate tissue perfusion and blood-tissue barrier dis-
ruption. With increasing dysfunction, uncontrolled
clotting activation, capillary microthrombi formation,
tissue edema, local hypoxia, and ischemia are initiated.
This in turn enhances a vicious cycle leading to multiple
organ failure and death [5-7].

0360-3997/18/0100-0033/0 © 2017 Springer Science+Business Media, LLC


http://crossmark.crossref.org/dialog/?doi=10.1007/s10753-017-0660-z&domain=pdf

34

Reduced production or availability of nitric oxide
(NO) derived from endothelial cells implies endothelial
dysfunction. NO is synthesized by many cell types in
various tissues and is involved in multiple physiological
and pathological responses, including vasorelaxation,
platelet function, host defense, and neurotransmission. It
is synthesized from L-arginine by nitric oxide synthases
(NOS). The neuronal and endothelial NOS (nNOS and
eNOS) produce low levels of NO for physiological func-
tions, whereas the inducible form of NOS (iNOS) is acti-
vated by several immunological stimuli and generates
higher concentrations of NO [8]. While eNOS-derived
NO production is reduced, iNOS-derived NO is increased
by the general inflammatory response seen in hemorrhagic
and septic shocks and resuscitation [9, 10].

During shock and resuscitation, reactive oxygen
species (ROS) are also produced in large amounts. Im-
mune cells are the main source of ROS, but endothelial
cells also synthesize ROS in response to oxidative
agents or cytokines. ROS decrease NO bioavailability
through formation of reactive nitrogen species and
eNOS inhibition, and ultimately affect vascular tone,
platelet adhesion, and permeability. These modifica-
tions lead to vascular occlusion and exacerbate organ
hypoperfusion [11, 12]. However, the time course of
production and the role of NO and ROS in the critical
periods of circulatory shock are not well understood or
distinguished between different shock types.

Impaired endothelial function due to decreased NO
bioavailability is a potential mechanism linking increased
plasma asymmetric dimethylarginine (ADMA) levels with
organ failure and death in shock [13]. ADMA, an endog-
enous NOS inhibitor, is associated with endothelial dys-
function, but its role in the setting of hemorrhagic and
septic shocks has been less well characterized.

Hydrogen sulfide (H,S) is a naturally occurring gas-
eous transmitter, which may play important roles in normal
physiology and diseases [14]. Although enhanced forma-
tion of H,S has been reported in shock, the timing of H,S
production in hemorrhagic and septic shocks remains
unclear.

During shock, increased or decreased release of
some endogenous active substances may contribute to
pathology. Therefore, biomarkers reflecting this patho-
logical situation may help in the detection of systemic
inflammatory and circulatory conditions. The present
study was designed to compare the time-dependent pro-
duction of blood biomarkers related to endothelial func-
tion (NO, ADMA, TAC, H,S) in hemorrhagic and sep-
tic shock models in rats.
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MATERIALS AND METHODS

Animals

Male adult Wistar albino rats (250-350 g; Experimen-
tal Animals Breeding and Research Center at Uludag Uni-
versity, Bursa, Turkey) were used in the experiments. Ten
animals in each group were housed at a constant tempera-
ture of 22 + 2 °C with 12-h light/dark cycles and fed a
standard laboratory rat diet with water ad libitum. Surgical
and experimental protocols were approved by the Local
Ethical Committee of Uludag University and are in accor-
dance with the guidelines of national (Turkish Animal
Welfare Act) and international (2010/63/EU) authorities.

Surgical Procedures

The surgical procedures were carried out under
ketamine/xylazine (100/10 mg/kg) anesthesia. The animals
were kept on a heating pad and rectal temperature was
monitored and maintained at 37 °C during surgery. The
left common carotid artery and left jugular vein of rats were
cannulated with PE-50 tubing filled with heparinized saline
(250 U/ml). During the arterial cannulation procedure, the
vagus nerve and the cervical sympathetic trunk were care-
fully separated. The catheters were exteriorized at the nape
of the neck and sealed until use.

Blood Pressure Recording

At the end of the surgical procedures, the arterial
cannula was connected to a volumetric pressure transducer
(BPT 300) attached to a DA100 B general-purpose trans-
ducer amplifier (Commat Ltd., Turkey). Mean arterial
pressure (mmHg) and heart rate (beats/min) were recorded
and analyzed using the MP100 system and AcqKnowledge
software (BIOPAC Systems, USA).

Experimental Procedure for Hemorrhagic Shock

The animals were bled through the arterial catheter to
a mean arterial blood pressure of 30 mmHg within the first
15 min. Hypotension (mean arterial pressure 30 mmHg)
was maintained for 60 min. At the end of the shock period,
lactated Ringer’s solution (3x the shed blood volume) was
infused within 10 min to provide adequate fluid resuscita-
tion. Control rats in the hemorrhagic shock group received
no resuscitation. Cardiovascular parameters were recorded
continuously throughout the experiments. The body tem-
perature of hemorrhaged rats were kept around 37-37.6 °C
by laying the animals on a heating pad throughout the
experiments. Blood samples were obtained before
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hemorrhage (0 min) and at 15 (end of first hemorrhage), 75
(end of hypotensive period), and 135 min (end of experi-
ment), in order to determine the plasma NO, ADMA, TAC,
and HS levels.

Experimental Procedure for Septic Shock

The cecal ligation and incision model was used to
induce septic shock [15]. Briefly, the cecum was tightly
ligated with a 3.0 silk suture just distal to the ileocecal
valve to avoid any intestinal obstruction and a 1.5-cm
incision was made. The cecum was then returned to the
peritoneal cavity and the abdominal incision was closed
with atraumatic 4.0 silk sutures. Sham-operated animals
underwent the same surgical procedure except that the
cecum was neither ligated nor incised. Immediately after
the surgery, intraperitoneal saline (2 ml/kg) was adminis-
tered. This is essential for producing the hyperdynamic
earlier phase of sepsis in this experimental model.

After cecal ligation and incision, animals were placed
in a separate cage and cardiovascular parameters were
continuously monitored. Since body temperature (above
38.3 °C or below 36 °C) is one of the main symptoms of
sepsis, we continuously monitored the rats’ body temper-
ature as well to check the stage of shock. Body temperature
gradually increased from 37.1 £ 0.3 °C to 38.4 +0.2 °C in
both control and resuscitated cecal ligation and incision
(CLI) groups. There were no significant differences in the
body temperatures of rats in both CLI groups at the end of
the experiments. At the end of 180 min, rats in the resus-
citation group were resuscitated by the infusion of lactated
Ringer’s solution (3 ml/100 g) within 10 min [2, 16] and
monitored for an additional 180 min. Control CLI group
did not receive fluid replacement, as in the hemorrhagic
shock model. Surviving animals were observed for 24 h
without cardiovascular monitoring. Blood samples were
obtained before cecal ligation and incision (0 min) and at
180 (before resusCitation) and 360 min (end of cardiovas-
cular monitoring) in order to determine the plasma NO,
ADMA, TAC, and H,S levels.

Biochemical Examination

For the measurement of NO, ADMA, TAC, and H,S
concentrations, blood samples (1.5 ml) were withdrawn
from the arterial catheter in ice-cold tubes containing EDTA
(50 pg/ml blood) at the time points described above. Sam-
ples were centrifuged (10.000 rpm; 4 °C, 10 min) and the
plasma was separated and stored at — 80 °C until analysis.

The plasma nitrite/nitrate level was measured as a
representation of NO production. It was measured by using
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the spectrophotometric method based on the Griess reac-
tion [17]. This method was modified in our laboratories for
96-well plates.

The TAC of plasma was measured using a previously
described method [18] based on the reduction of Cu*? to
Cu" by antioxidants in the plasma. Neocuproine was used
as a chromogenic agent and the colored complex was
detected spectrophotometrically at 455 nm.

Plasma H,S levels were measured spectrophotometri-
cally, according to a previously described method [5]. The
assay is based on measurement of the absorbance of meth-
ylene blue, which produces a chemical reaction between
N,N-dimethyl-p-phenylenediamine and FeCls, at 670 nm.

ADMA levels were measured by using ELISA kits
(Immunodiagnostic A.G., Germany) according to the man-
ufacturer’s instructions.

Plasma levels of NO, ADMA, TAC, and H,S were
plotted as a percentage of the pre-shock levels (0 min).

Statistical Analysis

Values are expressed as mean =+ standard error of the
mean (SEM). Repeated-measures of one-way or two-way
ANOVA were used to test the time-dependent effects of
hemorrhagic and septic shocks on blood biomarkers or on
blood pressure and heart rate, respectively. When the p
value was statistically significant, comparisons were per-
formed by using the Tukey or Holm-Sidak tests. Survival
rate was analyzed by using the Kaplan-Meier test. Student’s
t test was used to analyze the specific time points in the
same group or between the groups, respectively. Values
were considered significantly different when p < 0.05.

RESULTS

The basal, pre-bleeding mean arterial pressure and
heart rate values did not reveal significant differences
between the hemorrhagic shock and resuscitation groups.
The total bleeding volume necessary to induce hemorrhag-
ic shock within 15 min was approximately 2.0-2.3 ml per
100 g of body weight. During the first 15 min of the
hemorrhage procedure, blood pressure and heart rate de-
creased in the hemorrhagic shock group (Fig. 1). Fluid
resuscitation increased blood pressure significantly in the
resuscitation group. Heart rate increased gradually in both
groups with no differences between the values (Fig. 1).
Fluid resuscitation extended survival time (Fig. 2).

While hemorrhage significantly decreased plasma
NO levels in a time-dependent manner, there was no
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Fig. 1. Blood pressure and heart rate changes in hemorrhagic shock and resuscitation. Bleeding caused a decrease in blood pressure and heart rate of rats.
While resuscitation increased blood pressure, heart rate of rats increased gradually in both groups. *p < 0.05, significantly different from the hemorrhagic

shock group. Values are expressed as mean + SEM.

time-dependent difference in the resuscitation group (Fig.
3). However, resuscitation inhibited hemorrhage-induced
decrease at the 135-min time point. The level of ADMA
was significantly increased by hemorrhage (Fig. 3) and
resuscitation did not reverse this increase. Hemorrhage
significantly increased plasma TAC levels, but resuscita-
tion prevented this increase at the 135-min time point (Fig.
3). Plasma H,S levels were significantly decreased by
hemorrhage at 75 and 135 min and resuscitation did not
affect H,S levels (Fig. 3).

Basal blood pressure and heart rate values were
similar in septic shock and resuscitation groups. The
cecal ligation and incision procedure caused a progres-
sive decrease in blood pressure without affecting heart
rate (Fig. 4). Fluid resuscitation did not influence car-
diovascular parameters; however, survival time and sur-
vival rate in resuscitated animals increased significantly

(Fig. 5).

Septicemia significantly increased plasma NO
levels in a time-dependent manner; resuscitation did
not alter this increase (Fig. 6). The levels of ADMA
were also significantly increased by septicemia (Fig. 6)
and resuscitation did not reverse the increased ADMA
level. Septicemia significantly increased plasma TAC
levels only in the late phase of shock (Fig. 6) and
resuscitation did not prevent this increase. Plasma H,S
levels were not significantly changed by septicemia.
However, resuscitation decreased plasma H,S level in
180 min (Fig. 6).

DISCUSSION
The results of this study show that some blood bio-

markers related to endothelial function, such as NO,
ADMA, TAC, and H,S, are affected differently in
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associated with cardiovascular abnormalities character-
ized by hypotension and altered vascular reactivity [,
2]. Two main causes of circulatory shock are hemor-
rhage and sepsis. In our study, rat models of hemorrhag-
ic and septic shock were used and vital parameters were
recorded to verify manifestations of each type of shock.
Both procedures decreased blood pressure significantly
but at different ranges. In hemorrhaged rats, blood pres-
sure of animals decreased to 30 mmHg at the end of the
shock procedure and fluid replacement increased these
levels to around 60—-70 mmHg (Fig. 1). However, in
septic shock, fluid replacement did not significantly
affect blood pressure values (Fig. 4). The replacement
volume (3 ml/100 g of bw) of crystalloids which was
used in this study is the recommended initial fluid
challenge in sepsis in order to maintain mean arterial
pressure > 65 mmHg [2]. The observation of no changes
in blood pressure after fluid challenge is somehow ex-
pected because (i) the lowest levels of blood pressure of

rats in the CLI group before resuscitation are around
60—65 mmHg which are levels aimed to maintain during
sepsis conditions [2]; (ii) hemorrhagic shock is a result
of blood loss and hypovolemia while septic shock is
initiated by the entry of an invasive microorganism into
the circulation through the gut, lung, skin, or genitouri-
nary tract and represents the normovolemic shock situ-
ation in the beginning. The increase in survival rates in
the resuscitated group may be due to an increase in
tissue perfusion through the increase in blood volume
that is not reflected in blood pressure.

The hemorrhagic and septic shock-induced sys-
temic responses share many biological features. The
pathogenesis of circulatory shock is still not fully un-
derstood and the lack of effective treatment is due partly
to an incomplete understanding of shock pathophysiol-
ogy [1, 2]. Circulatory shock causes a systematic in-
flammatory response that leads to multiple organ fail-
ure. Endothelial cells play an important role in the
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immunoinflammatory response and dysfunction of the
endothelium contributes to organ damage in shock [3,
4]. It has been shown that endothelial dysfunction de-
velops early following circulatory shock and plays a
major role in the development of reduced perfusion of
tissues and activation of clotting pathways [5-7]. The
vascular endothelium releases substances that play a
pivotal role in maintenance of vascular homeostasis.
One of these substances is NO, which is known to
function as a modulator of blood flow, resulting in
vascular relaxation. Other important effects of NO in-
clude the regulation of microvascular permeability,
leukocyte-endothelium interactions, and platelet func-
tions. Decreased endothelium-derived NO production is
a prominent feature of circulatory shock-induced endo-
thelial dysfunction [9, 10].

NO is synthesized from L-arginine by NOS en-
zymes. Three types of NOS have been identified. eNOS
and nNOS are expressed constitutively under physio-
logical conditions. The iNOS isoform can be stimulated
in inflammatory conditions [8]. In circulatory shock,
while endothelial dysfunction causes decreased eNOS-
derived NO production, systemic inflammatory re-
sponse triggers iNOS expression and a huge amount
of NO is released. In hemorrhagic and septic shocks,
decreased, increased, and unchanged blood NO levels
have been reported [5, 19-26]. But, the time scale of
NO production has not been documented. In the present
study, while the plasma NO level was increased by
septicemia, hemorrhage caused a decrease in the blood
NO level. These opposite changes of NO levels were
time-dependent. Thus, it could be posited that different
NO levels in hemorrhagic and septic shocks are related
to the manifestation of inflammatory responses on dif-
ferent time scales in the different shock models.

On the other hand, it has been suggested that mech-
anisms involved in endothelial dysfunction are dependent
on oxidative stress in shocks [11, 12]. NO bioavailability is
reduced by oxidative stress, due to the removal of NO by a
superoxide radical and decreasing NO synthesis and re-
lease from the endothelium. In the current study, plasma
TAC levels were increased in the late phases of septic and
hemorrhagic shocks. Similar results have been reported in
septic shock and attributed to the activation of antioxidant
defense mechanisms [27]. These results are the first to
show the time scale of the redox state of systemic circula-
tion in these shock models.

ADMA is an endogenous competitive inhibitor of NO
synthase and an increased level of ADMA also causes NO
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reduction due to competitive inhibition of NOS. Elevated
plasma levels of ADMA have been related to organ failure
and can predict patient mortality in sepsis [13]. However,
increased ADMA levels have been reported only in hem-
orrhagic shock in the pig and endotoxemia in the guinea
pig [28, 29]. The current study shows, for the first time, that
there is a time-dependent increase in the blood ADMA
level in septic and hemorrhagic shocks in rats. In addition,
resuscitation did not affect ADMA levels. This suggests
that the time-dependency of increased blood ADMA could
be a key point for the observation of disease status in
circulatory shock.

H,S is a biologically active gas molecule with a
regulatory role in various physiological functions [14].
While increased plasma and tissue levels of H,S have been
reported in septic shock, the opposite has been observed in
hemorrhagic shock [30-32]. In the present study, although
there was a trend toward increased plasma H,S levels in
septic shock, it was not significant. However, hemorrhage
decreased plasma H,S levels in the late phase of our
experimental protocol. It is hypothesized that plasma H,S
levels in different phases of circulatory shock could be
affected differently in different animal models of shock.

The results of this study indicate that although endo-
thelial dysfunction is the main result of all types of circu-
latory shock, blood biomarkers related to endothelial func-
tion are affected differently in the hemorrhagic and septic
shock models we investigated. In addition, plasma bio-
marker levels are altered by shock in a time-dependent
manner. Various biomarkers have been evaluated to aid in
the diagnosis of shock grade and therapeutic approach.
Unfortunately, no biomarker to date has demonstrated suf-
ficient predictive value for the assessment of disease status.
These findings may have important implications for con-
sideration of time scale of biomarker level in the circula-
tory shock.
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