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Abstract: A lipopolysaccharide (LPS) is a large molecule and an outer membrane glycolipid found in
Gram-negative bacteria, including Escherichia coli (E. coli). These molecules (LPS) target acute inflam-
matory responses and significant physiological changes. Importantly, E. coli is considered one of the
most important bacterial causes of avian colibacillosis that affect domestic turkey industry. However,
little information is available about the potential influence of LPS on the biochemical parameters and
histopathological changes in turkey poults. Therefore, this study aimed to evaluate the influence of
bacterial lipopolysaccharide (LPS) molecules on serum biomarkers and histopathological changes in
turkey poults. The birds were randomly divided into five groups, as follows: group I did not receive
any inoculation; group II was inoculated with sterile saline; and groups III, IV, and V were inoculated
intraperitoneally with LPS at 0.01, 0.1, and 1 mg/kg of body weight (BW), respectively. The bio-
chemical parameters and the histopathology of different organs were examined in all birds one day
post-inoculation. Our results revealed hypolipidemia, hypoglycemia, a significant decrease in uric
acid, and a significant increase in serum activities of aspartate transaminase (AST), alanine transami-
nase (ALT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and creatine kinase (CK), as
well as cardiac troponin T concentrations in treated groups. Moreover, there was a significant increase
in α1-, β-, and γ-globulin concentrations and a decrease in albumin and α2-globulin concentrations
in group V. However, a significant increase in α2- and γ-globulin levels and a decrease in albumin
levels were detected in groups III and IV. In addition, significant decreases in the albumin/globulin
ratio were recorded in all LPS-treated groups. Hepatocellular and cardiac muscle necrosis, slight
renal changes, and massive pulmonary inflammatory reactions were recorded. This study provides
valuable information about serum biomarkers, protein fractions, and histopathological changes in
turkey poults treated with LPS for further investigations of pathophysiological mechanisms in avian
medicine along with biomedical research.
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1. Introduction

The poultry industry is one of the fastest-growing sectors of the animal industry in
Egypt. Among others, turkey is considered an important domesticated poultry species in
Egypt raised for meat production. However, similarly to many countries, the turkey produc-
tion system in Egypt is susceptible to various pathogens, which results in serious infections
that hinder this industry. These harmful agents include bacteria, viruses, and parasites that
cause severe economic losses and create a challenge for poultry producers. Among these
bacterial diseases, avian colibacillosis is considered the most widespread bacterial infection,
which causes significant economic losses to the poultry industry worldwide [1]. In turkey,
colibacillosis is also considered one of the major bacterial diseases affecting the domestic
turkey production system [2]. This infectious disease is caused by the pathogenic strain of
Escherichia coli (E. coli), which is considered the most abundant disease-producing strain in
domestic turkey, leading to reduction in egg and meat production and ultimately resulting
in high mortalities [3]. Avian colibacillosis, caused by E. coli, might result in a series of
serious clinical manifestations in turkeys, including cellulitis, colisepticemia, omphalitis,
osteomyelitis, peritonitis, swollen head syndrome, synovitis, panophthalmitis, salpingitis,
and coligranuloma, besides being frequently fatal [4,5]. It is therefore not surprising to
mention that some previous reports used turkey as animal model for better understanding
avian colibacillosis [6–10].

It is noteworthy to state that lipopolysaccharide (LPS) or endotoxin is considered a
principal constituent of the outer leaflet of the outer membrane of Gram-negative bacteria,
such as E. coli and Salmonella typhimurium. This unique glycolipid component triggers the
abandoned production of inflammatory mediators and targets oxidative stress, which in
turn may result in septic shock, multiple organ dysfunction and failure [11]. LPS is an impor-
tant factor that causes cell and tissue injury, and it induces multiple organ dysfunction and
various histopathological changes [12,13]. LPS molecules also interact with other biological
systems through their involvement in host–pathogen interactions and a series of critical
events necessary for bacterial growth and multiplication, such as adhesion, colonization,
virulence, and symbiosis. It is therefore not surprising to mention that LPS is considered a
potent elicitor of innate immune response and serves as an early warning signal of bacterial
infections [14]. Taken into account, the resulting endotoxemia and sepsis can result in a
series of health complications, such as myocardial dysfunction, acute respiratory failure,
and multiple organ failure [15]. Furthermore, during sepsis, a life-threatening and multiple
organ failure together with the moderately regulated immunoinflammatory response can
equip the causative agent with an effective defense against pathogenic microorganisms
and, consequently, mild tissue damage commonly leads to multiple organ dysfunction or
secondary infection, whereas a severe immunoinflammatory dysfunction, especially an
excessive pro-inflammatory dysfunction or immunosuppression [16]. Taken into account,
several clinical studies have shown that the level of circulating LPS is correlated with
disease severity, the onset and extent of organ dysfunction, and mortality [17]. As men-
tioned above, turkey occupies a significant role next to chicken and duck in augmenting
the economic and nutritional status of various populations worldwide, but E. coli is the
most abundant disease-producing strain in turkey. It should be taken into account that
evaluation of serum proteins and their electrophoretic patterns combined with assessment
of the histopathological changes have been considered well-established diagnostic tools
for the detection and monitoring of various diseases in veterinary medicine. Revising
the available literature, there is limited knowledge as to the effect of stress exposure on
different biological markers and the histopathological effects of LPS effects on turkey poults.
Given the above information, this study aimed to evaluate the influence of bacterial LPS
administration as a stressor on various serum biomarkers and protein profiles and the
histopathology of turkey poults. Furthermore, this study examined the effect of stress
exposure on different biological markers.
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2. Materials and Methods
2.1. Ethical Considerations

This study was approved by the Research Ethics Committee of Faculty of Veterinary
Medicine, Kafrelsheikh University, and the Institutional Review Board number was KFS-
2021/03.

2.2. Animals

A total of fifty turkey male poults (one day old) were obtained from a commercial
hatchery. The birds were maintained in a controlled environment and provided with food
and chlorinated water ad libitum. This experiment was performed in accordance with
national/institutional guidelines for the care and use of animals, and all precautions were
taken to prevent any kind of cruelty.

2.3. Chemicals

Ultrapure LPS solution from E. coli serotype 055: B5 (UP LPS, tlrl-peklp), purified
by phenol extraction, was provided by Sigma Chemical Inc., St Louis, MO, USA, then
dissolved in sterile 0.9% NaCl solution (1 mg LPS/mL saline). All chemicals used in this
experiment were of grade 1.

2.4. Experimental Design

A total of 50 five-week-old male turkey poults, weighing 439.25 ± 62.88 g, were
randomly divided into 5 groups of 10. The first group I did not receive any inoculation
and was considered the negative control group. Birds in the other groups (II, III, IV, and V)
received either normal saline or LPS by intraperitoneal injection once, as follows: the birds
in group II were injected with normal saline (the control group), those in group III with
LPS (0.01 mg/kg body weight (BW)), those in group IV with LPS (0.1 mg/kg BW), and
those in group V with LPS (1 mg/kg BW). The logarithmic concentrations used to evaluate
the effect of LPS in turkey poults were based on the available literature [18–23].

2.5. Blood Sample Collection

Blood samples were collected from the wing vein of all birds 24 h after administration
of LPS using a 3 mL syringe with a 25 G needle. The blood samples were placed in glass
tubes without anticoagulant and kept at room temperature for 8 h. Serum was separated
from the coagulated blood using centrifugation at 3000 rpm for 15 min and then stored at
−20 ◦C until use.

2.6. Serum Biochemical Analysis

In this step, serum total protein, albumin, triglycerides (TG), total cholesterol (TCh),
high-density lipoprotein (HDL), low-density lipoprotein (LDL), glucose, urea and uric
acid, creatinine, and uric acid levels; the serum activities of aspartate transaminase (AST),
alanine transaminase (ALT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH),
and creatine phosphokinase (CK), and cardiac troponin T (cTnT) were determined using
an automatic chemical analyzer (Cobas 8000, Roche, Germany).

2.7. Serum Protein Electrophoresis

The total serum protein concentration was evaluated calorimetrically. Then, serum pro-
teins were fractionated using electrophoresis on cellulose acetate in a Serum Electrophoresis
Automated System (Minilite, Cell Diagnostic Division, Milan, Italy). Absolute values (g/dL)
for each protein fraction were measured by multiplying the percentages of each fraction
by the total protein concentrations. Five protein fractions (albumins, α1-globulins, α2-
globulins, β-globulins, and γ-globulins) were identified and assessed in all serum samples.
The absolute values for each fraction were mathematically obtained by multiplying the
percentage by the total protein concentration. The albumin/globulin (A/G) ratios were
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calculated by dividing serum albumin concentrations by the sum of the serum globulin
concentrations individually.

2.8. Histopathological Assessment

After scarification of all birds, postmortem examinations were performed, and all
observed lesions were recorded. Specimens from all organs, mainly the liver, heart, kid-
neys, and lungs, were also fixed in 10% neutral phosphate-buffered formalin (pH 7.2)
for histopathological examination. The specimens were then dehydrated in ascending
grades of alcohol, cleared in xylene, embedded in paraffin wax, sectioned (4 µm thickness),
then stained with hematoxylin and eosin (HE) and examined using light microscopy [24].
Furthermore, the reported histopathological lesions were scored according to set criteria:
marked (massive) (41–100% of 188 tissue involved), moderate (21–40% of tissue involved),
mild (slight) (11–20% of tissue involved), and minimal (0–10% of tissue involved), in addi-
tion to reporting the nature and extent of the lesion and its frequency of occurrence inside
the tissue as described elsewhere [25,26].

2.9. Statistical Analysis

The data were analyzed using the one-way analysis of variance followed by Tukey’s
multiple comparison test. GraphPad Prism 5 software was used to analyze the data. All data
were presented as means ± SD for chicks in each group and represent three independent
repetitions. The threshold for statistical significance was set at p < 0.05, and p < 0.005 was
considered significant and highly significant, respectively.

3. Results
3.1. Effects of LPS on Serum Biomarkers

LPS injections, at doses of 0.1 and 1 mg/kg BW (group IV and V), induced significant
reductions in the serum levels of triglycerides, cholesterol (TCh, HDL, and LDL), glucose,
urea, and uric acid. However, LPS at a dosage of 0.01 mg/kg BW (G III) significantly
decreased serum levels of cholesterol (TCh and LDL), glucose, urea, and uric acid only
compared to the control groups (p < 0.05; Table 1). Conversely, LPS at a dosage of 0.1 and
1 mg/kg BW (groups IV and V) significantly increased the serum activities of AST, ALT, ALP,
LDH, and CPK, as well as cTnT concentrations. However, LPS at a dosage of 0.01 mg/kg
BW (group III) significantly increased the serum levels of increased serum activities of AST,
ALT, ALP, LDH, and CPK only compared to the control groups (p < 0.05; Table 1).

Table 1. Effect of E. coli lipopolysaccharide on the serum biochemical profiles of turkey poults.

Parameters
Control Groups Treated Groups

Group I
(NC)

Group II
(NS)

Group III
(LPS 0.01)

Group IV
(LPS 0.1)

Group V
(LPS 1)

Triglycerides (mg/dL) 92.00 ± 3.16 a 89.20 ± 6.31 a 86.00 ± 3.90 a 78.50 ± 4.59 b 76.50 ± 7.12 b

Total cholesterol (mg/dL) 132 ± 6.32 a 129 ± 4.52 a 114 ± 4.10 b 101 ± 10.32 c 95 ± 14.24 c

High-density lipoprotein (mg/dL) 85.00 ± 1.90 a 87.67 ± 5.94 a 79.12 ± 3.31 ab 72.50 ± 9.87 bc 69.00 ± 10.95 c

Low-density lipoprotein (mg/dL) 29.00 ± 2.53 a 27.50 ± 2.59 a 19.50 ± 1.97 c 14.00 ± 1.26 d 11.50 ± 0.55 e

Glucose (mg/dL) 293 ± 10.82 a 288 ± 7.54 a 269 ± 9.00 b 271 ± 2.68 b 264 ± 10.21 b

Urea (mg/dL) 2 ± 0.63 a 2 ± 0.00 a 1 ± 0.00 b 1 ± 0.00 b 1 ± 0.00 b

Creatinine (mg/dL) 0.02 ± 0.01 c 0.02 ± 0.01 c 0.02 ± 0.01 c 0.07 ± 0.02 b 0.1 ± 0.00 a

Uric acid (mg/dL) 3.37 ± 0.34 a 3.4 ± 0.22 a 2.63 ± 0.31 b 2.17 ± 0.10 c 1.87 ± 0.18 d

Aspartate transaminase (U/L) 269 ± 9.49 d 276 ± 13.59 d 310 ± 8.94 c 335 ± 8.94 b 353 ± 4.38 a

Alanine transaminase (U/L) 4.00 ± 0.89 c 4.00 ± 0.00 c 5.00 ± 0.89 b 8.00 ± 0.63 a 7.50 ± 0.55 a

Alkaline phosphatase (U/L) 1600 ± 79.06 c 1630 ± 61.67 c 2100 ± 89.44 b 2350 ± 89.44 a 2340 ± 70.11 a

Lactate dehydrogenase (U/L) 985 ± 15.81 d 1040 ± 68.90 cd 1080 ± 27.39 bc 1130 ± 38.82 ab 1170 ± 100.78 a

Creatine kinase CK (U/L) 947 ± 18.97 d 958 ± 24.01 d 1300 ± 89.44 c 1530 ± 81.65 b 1660 ± 21.91 a

Cardiac troponin T (ng/mL) 67.32 ± 8.46 c 60.26 ± 7.47 c 61.46 ± 5.58 c 99.12 ± 8.58 b 198.00 ± 14.30 a

Group I: did not receive any inoculation; Group II: inoculated with the vehicle (normal saline) alone; Group III:
inoculated with LPS at 0.01 mg/kg body weight (BW); Group IV: inoculated with lipopolysaccharide (LPS) at
0.1 mg/kg BW; and Group V: inoculated with LPS at 1 mg/kg BW. Data are expressed as means ± standard
deviations. Mean values in the same row bearing different superscript letters (a, b, c and d) were significantly
different (p < 0.05).
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3.2. Effects of LPS on Serum Protein Fractionation

Serum proteins were separated using cellulose acetate electrophoresis, and five frac-
tions (albumin, α1-, α2-, β-, and γ- globulins) were identified. Significantly higher serum
concentrations of α1-, β-, and γ-globulins were observed in group V; however, significantly
higher serum concentrations of α2- and γ-globulins were detected in groups III and IV com-
pared with the control groups (p < 0.05; Table 2). Conversely, group V showed significant
reductions in serum albumin and α2-globulin concentrations, whereas groups III and IV
showed significant reductions in albumin concentrations only compared with the control
groups (p < 0.05; Table 2). Additionally, significant reductions in the mean values of the
A/G ratios were recorded in all treated groups when compared with the control groups
(p < 0.05; Table 2).

Table 2. Effect of E. coli lipopolysaccharide on the electrophoretic patterns of serum proteins in
turkey poults.

Parameters

Control Groups Treated Groups

Group I
(NC)

Group II
(NS)

Group III
(LPS 0.01)

Group IV
(LPS 0.1)

Group V
(LPS 1)

Total protein (g/L) 3.80 ± 0.09 ab 3.83 ± 0.05 ab 3.77 ± 0.14 b 3.90 ± 0.09 a 3.83 ± 0.06 ab

Albumin (g/L) 1.43 ± 0.05 a 1.37 ± 0.05 b 1.13 ± 0.05 c 1.17 ± 0.05 c 1.17 ± 0.05 c

α1-globulin (g/L) 0.20 ± 0.02 c 0.25 ± 0.05 b 0.19 ± 0.02 c 0.17 ± 0.01 c 0.39 ± 0.05 a

α2-globulin (g/L) 0.94 ± 0.02 c 0.93 ± 0.03 c 1.01 ± 0.02 b 1.19 ± 0.02 a 0.79 ± 0.03 d

β-globulin (g/L) 0.88 ± 0.01 bc 0.90 ± 0.03 b 0.88 ± 0.03 bc 0.84 ± 0.05 c 0.94 ± 0.02 a

γ-globulin (g/L) 0.35 ± 0.01 b 0.39 ± 0.04 b 0.55 ± 0.07 a 0.53 ± 0.11 a 0.55 ± 0.02 a

Albumin/Globulin (ratio) 0.61 ± 0.01 a 0.55 ± 0.03 b 0.43 ± 0.02 c 0.41 ± 0.02 c 0.44 ± 0.02 c

Group I: did not receive any inoculation; Group II: inoculated with the vehicle (normal saline) alone; Group III:
inoculated with LPS at 0.01 mg/kg body weight (BW); Group IV: inoculated with lipopolysaccharide (LPS) at
0.1 mg/kg BW; and Group V: inoculated with LPS at 1 mg/kg BW. Data are expressed as means ± standard
deviations. Mean values in the same row bearing different superscript letters (a, b, c and d) were significantly
different (p < 0.05).

3.3. Histopathological Examination

On HE stained sections, there were no obvious histopathological changes in the organs
of birds in groups I and II. As shown in Figure 1, the livers of the birds in groups I and
II showed no histopathological abnormalities; meanwhile, there was a slight Kupffer cell
activation in the livers of birds of group III. However, the livers of birds in group IV showed
moderate Kupffer cell activation, cytoplasmic vacuolation, and slight hepatocellular necro-
sis. The inflammatory reaction was more pronounced in the birds of group V, wherein
the necrosis ranged from a granuloma-like formation, with a localized collection of many
macrophages within the hepatic parenchyma and in the portal area, to massive hepatic
necrosis, with the infiltration of several chronic inflammatory cells within and around the
necrosed areas.

In accordance with the heart (Figure 2), cardiac muscles show focal necrosis in groups
III and IV. Massive myocardial necroses with the absence of normal muscle striations and
myocardial hemorrhages were noticed in group V. Regarding the kidneys, they showed
an insignificant inflammatory reaction, only slight mononuclear cell infiltration in the
interstitial and periglomerular areas in group III, and slight tubular basophilia in both
groups IV and V (Figure 3). As presented in Figure 4, the lungs show slight interstitial
polymorphonuclear eosinophils and mononuclear cell infiltration in the birds of group III,
thickening of the interalveolar septa with a large number of inflammatory cells, edema,
and the collapse of some alveoli in the birds of group IV. Severe inter- and intra-alveolar
infiltration of polymorphonuclear and mononuclear inflammatory cells and the collapse of
the alveoli and the airways of the birds of group V are shown.
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Figure 1. Photomicrograph of liver sections from experimental groups stained with Hx & E stain.
G1I and GI1: the liver showing normal architecture, central vein, and intact hepatocytes (H); GIII:
there was slight Kupffer cell activation (arrow) and slight vacuolation in the cytoplasm of hepatocyte
(arrowhead). GIV-A: moderate Kupffer cell activation (arrow); GIV-B and -C: slight hepatocellular
necrosis (arrow) surrounded by a few inflammatory cells (arrowhead); GV-A: a focal collection of
a large number of macrophages (granuloma-like) within the hepatic parenchyma (arrow). GV-B:
hepatocellular necrosis in the portal area (PA) with infiltration of several chronic inflammatory cells
within and around the necrosed areas (arrowhead); GV-C: periductal inflammatory cell infiltration
with hyperplasia of the bile duct lining epithelium (arrow) in the PA. The bar size of each picture is
included under each picture.
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GI and GI1: the heart shows a normal arrangement of cardiac muscle fibers (M); GIII and GIV: focal
muscle necrosis (arrowhead); GV-A: massive myocardial necrosis (arrowhead); GV-B: myocardial
hemorrhage with extravasated RBCs in-between the cardiac muscle fibers (arrows). The bar size of
each picture is included under each picture.
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show slight interstitial and periglomerular mononuclear cell infiltration (arrow). GIV and GV: there
was heavy interstitial and periglomerular mononuclear cell infiltration (arrow) and slight tubular
basophilia (arrowhead). The bar size of each picture is included under each picture.
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Figure 4. Photomicrograph of lung sections from experimental groups stained with Hx & E stain.
GI and GI1: the lungs show normal alveoli (A) and opened airways (B); GIII: slight interstitial
polymorphonuclear, eosinophils, and mononuclear cell infiltration (arrow); GIV: thickening of the in-
teralveolar septa with a large number of the inflammatory cells (arrow), edema (O), and the collapse of
some alveoli (arrowhead); GV: severe inter- and intra-alveolar infiltration of polymorphonuclear and
mononuclear inflammatory cells (arrow) and the collapse of the alveoli and the airways (arrowhead);
The bar size of each picture is included under each picture.

4. Discussion

LPS is an endotoxin that commonly used to induce an acute-phase reaction in humans
and animals because of its proinflammatory properties [27]. LPS is also known as a potent
stimulus that can induce strong immunological and inflammatory responses, which result
in extensive tissue damage, in addition to its central role in mediating diseases caused
by Gram-negative bacteria [28]. Furthermore, LPS binds to the LPS-binding protein and
CD14, and therefore targets the inflammatory response by triggering the production of
inflammatory cytokines, including TNF-a, IL-1, and IL-6, via the activation of the TLR4
signaling pathway, leading to multiple organ failure, tissue injury, and death [28,29]. It
is noteworthy to state the pathophysiological relationship between endotoxemia and the
systemic inflammatory response, and multiorgan dysfunction is not well understood partly
because of the lack of suitable animal models [30–32].

The results of our experiment demonstrated that injection of LPS, especially at doses
of 0.1 and 1 mg/kg BW (groups IV and V), induced hepatic damage or dysfunction.
The hepatic damage was obvious through significant elevations in the levels of serum
transaminases (ALT and AST), LDH, and ALP activities; reduced serum albumin; and
morphological changes in the hepatic tissue. These observations agree with the findings
of several previous studies that reported the hepatotoxic effects of LPS injections [30–32].
Curtis et al. (1980) [33] reported that intravenous injections of endotoxins of Escherichia coli
serogroups O111 and O78 (2 mg/kg) increased the activities of AST, LDH, and sorbitol
dehydrogenase in the plasma of 6–11-week-old chickens during the next 24 h. These
changes were attributed to tissue damage effects of endotoxins involving the liver. Another
previous study [34] reported that LPS significantly increased the serum levels of ALT,
AST, and ALP and decreased serum total protein compared with controls, demonstrating
marked liver damage. Additionally, in a mouse model, Jiang et al. (2018) [35] reported that
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LPS administration induced liver dysfunction, as evidenced by significant increases in the
serum AST, ALT, and ALP levels and morphological alterations of the liver.

In the present work, the concentrations of α1-, β-, and γ-globulins were higher, while
lower concentrations were observed for albumin and α2-globulin in group V. Conversely,
higher serum concentrations of α2- and γ-globulins and lower albumin concentrations were
recorded in groups III and IV. It should be stressed that many pathological conditions are
often associated with slight or more marked alterations in serum protein patterns, such as
shifts in the albumin and globulin concentrations [36,37]. Among others, serum albumin is
considered a major negative acute-phase protein (APP). During the acute-phase response of
inflammation, the demand of the amino acid for the synthesis of positive APPs is markedly
increased, which triggers the reprioritization of hepatic protein synthesis. Consequently,
albumin synthesis is downregulated, and amino acids are shifted toward the synthesis
of positive APPs [38]. Additionally, serum protein electrophoretograms commonly in-
crease the concentrations of α- and/or β-globulins during acute inflammation; however,
a considerable increase in γ-globulin (immunoglobulins) level may also be detected [39].
Since many acute-phase proteins migrate to the α region, the concentrations of α1- and
α2-globulins may be elevated in acute inflammatory diseases because of the activation of
the host inflammatory responses [40]. Inflammatory diseases and infections may also be
accompanied by elevations of the β-fraction because of the increased production of some
acute-phase proteins that migrate to this region and may be typical of active hepatitis [36].
The elevation of γ-globulins could usually be considered an indicator of a nonmalignant
condition and is mostly caused by reactive and inflammatory processes [40]. Measured
A/G radios also revealed significantly lower mean values in all treated groups. A/G ratios
automatically decrease due to the decrease in albumin and increase in globulin fractions.

Regarding the metabolic parameters in this study, LPS injections induced hypolipi-
demia, hypoglycemia, and a significant decrease in uric acid. During acute-phase responses,
these alterations might protect the host from further injury and minimize tissue damage.
It has been demonstrated that the content of serum triglyceride in endotoxin-poisoned
mice decreases slightly 2 h post-intoxication compared with the control group. There-
after, the level of serum TG in the poisoned mice markedly increased after 12–24 h [41].
However, our experiment revealed a decrease in the serum triglyceride level 24 h after
LPS inoculation, especially in groups IV and V, when compared with the control group.
Plasma HDL and its major component, apolipoprotein A-I, can protect against LPS-induced
endotoxemia and acute tissue damage in a mouse model [42]. Additionally, the injection
of endotoxin isolated from a pathogenic avian strain of Escherichia coli (1 mg/kg intra-
venously) accelerated the depletion of liver glycogen and was followed by hypoglycemia
in chickens. In addition, changes in the plasma urate and albumin content indicated that
glucose was synthesized from amino acids and that albumin was catabolized to provide
these amino acids [43]. Acute exposure to LPS can cause transient hypoglycemia and
insulin resistance by inhibiting hepatic glucose production through the TLR4, MyD88, and
NFκB pathways [44].

Cardiac dysfunction is a frequently occurring severe complication of sepsis [45]. In this
study, the modulatory effect of graded doses of LPS on cardiac function was investigated
by measuring the serum bioactivities of LDH and CK, as well as cTnT concentrations.
LDH and CK are considered important cardiac enzymes that orchestrate ATP production
and maintain cardiac membrane integrity [46]. CK, which is an enzyme found free in the
cytoplasm of myocytes, leaks from these cells when they are damaged and is considered
a muscle-specific leakage enzyme. Furthermore, the high levels of serum CK indicate
cardiac damage [47]. Cardiac troponins (cTn) are the best markers for the identification
of myocardial cell injury because of their superior sensitivity and specificity compared
with other biochemical markers [48]. Additionally, cTnT measurements are a specific and
sensitive method for the early and late diagnosis of acute myocardial infarction [49]. Serum
LDH activity originates from several tissues, including the liver, skeletal muscle, heart
muscle, kidney, lung, and erythrocytes [36]. As shown in the present work, remarkable
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increases in the serum activities of LDH and CK, as well as cTnT concentrations, were
observed in groups IV and V. However, a significant increase in LDH and CK levels occurred
only in group III. Our data revealed that LPS injections induced harmful heart lesions,
as pointed out by elevated levels of LDH, CK, and cTnT. These observations agree with
previous reports [50,51]. Ahmed et al. (2020) [52] reported an elevation of serum markers
of cardiotoxicity (CK and cTnI) following LPS administration. LDH activity provides
additional information that may help explain the activities of more tissue-specific enzymes
(i.e., CK).

In this study, histopathological examinations of the lungs revealed pulmonary changes
that were mainly inflammatory with the activation of neutrophils and macrophages, as well
as pulmonary responses characterized by bronchoconstriction and alveolar collapse [53].
We suggest that airway constriction was induced by alterations in the amounts of intra-
cellular and alveolar surfactants [54] and the release of endogenous mediators [55]. Liver
and heart toxicities observed in LPS-induced intoxicated animals may be attributed to the
activation of the transcription factor, nuclear factor-kappa B (NF-κB), and toxic mediators
generated by activated macrophages: proinflammatory molecules, cytokines, and reactive
nitrogen and oxygen species, such as superoxide and nitric oxide radicals [35]. The liver
affects the defensive mechanisms that regulate the entry and processing of LPS in the body.
The reported lesions in the present work were mainly in the form of inflammatory-type
lesions ranging from slight Kupffer cell activation at low doses to hepatocellular necrosis at
high doses. The liver also responds to LPS with the production of cytokines along with
its role in the clearance of this endotoxins [56], and reactive oxygen intermediates are also
released in response to LPS, primarily by Kupffer cells [57], which explains the mechanism
through which LPS can induce hepatotoxic effects. As shown in the present work, the
hepatocellular necrosis was mainly confined to the portal area (PA). It needs to be taken into
consideration that the liver is considered as the final barrier responsible for the clearance
of LPS from the blood and prevention of gastrointestinal bacteria and bacterial products
(LPS) from entering the systemic circulation [58]. So, the draining of the absorbed LPS
was collected in the portal blood flow; thus, it produced its toxic effect directly in the PA.
Regarding the heart, it showed myocardial necrosis, which was more obvious in birds
treated with a high dose of LPS. This necrosis might have occurred due to the direct and
indirect effects of LPS that release many pro- and anti-inflammatory mediators, such as
TNF-α and IL-6, resulting in cardiac injury [59]. Venous congestion and volume overload
induced by LPS may be the cause of the myocardial hemorrhage noticed in birds treated
with higher doses.

Additionally, in this experiment, the serum level of creatinine, as a renal marker,
was measured, and the result showed mild increases in its level in groups IV and V.
Furthermore, the histopathological renal changes in this study were mild in the form of
slight inflammatory cell infiltration in the parenchyma of the kidney at a low dose of LPS to
mild tubular basophilia at medium and high doses. The histological changes in this study
due to the treatment of birds with different doses of LPS were dose dependent [60,61]. It
seems that LPS induced dysfunction of the renal microvascular system through the release
of different biologically active mediators responsible for the impairment of renal blood
flow [62,63]. Tubular basophilia is considered a feature of renal regenerative changes and
tubules lined by cells with basophilic cytoplasm. It occurs after various forms of tubular
epithelial cell injury induced by nephrotoxic chemicals [64] or secondary to the vascular
damage, probably through ischemia and/or ischemia/reperfusion [65].

5. Conclusions

The data presented here provide useful information about serum biomarkers alter-
ations and histopathological changes in turkey poults challenged with graded levels of
E. coli LPS. This baseline information can be useful for other researchers investigating
inflammation or pathophysiological mechanisms in veterinary medicine and in biomedical
research. Further future research is suggested to explore more about the cellular and molec-
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ular mechanisms underlying these biochemical and histopathological changes following
LPS administration in turkey.

Author Contributions: Conceptualization: M.F.A.E., N.E.N., M.S.A., B.M.A., N.D. and E.K.E.; data
curation, M.F.A.E., B.M.A., N.D., M.A.A. and E.K.E.; formal analysis, B.M.A.; funding acquisition,
N.D. and E.K.E.; investigation, M.F.A.E. and M.S.A.; methodology: M.F.A.E.; supervision, M.F.A.E.,
N.E.N., M.S.A. and E.K.E.; validation, N.E.N.; writing—original draft, M.F.A.E., N.E.N., M.S.A.,
B.M.A., N.D. and E.K.E.; writing—review & editing, M.F.A.E., M.S.A., M.A.A. and E.K.E. All authors
have read and agreed to the published version of the manuscript.

Funding: Thanks and appreciation to the Saudi Ministry of Environment, Water, and Agriculture,
facilitated by General Administration of Animal Productions for enabling research and using its facilities.

Institutional Review Board Statement: This study was conducted with the approval of the Faculty
of Veterinary Medicine, Kafrelsheikh University, and the institutional Review Board Number KFS-
2021/03.

Informed Consent Statement: Informed consent was obtained from hatchery owners.

Data Availability Statement: The data supporting the findings of this study are contained within
the article.

Acknowledgments: The authors thank the Taif University Researchers supporting project number
(TURSP-2020/93), Taif University, Taif, Saudi Arabia, for support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guabiraba, R.; Schouler, C. Avian colibacillosis: Still many black holes. FEMS Microbiol. Lett. 2015, 362, fnv118. [CrossRef]

[PubMed]
2. Hafez, H. Current knowledge and prospective risk analysis related to ongoing turkey diseases. In Proceedings of the Istanbul:

XIV International Congress of the World Poultry Association, Istanbul, Turkey, 22–26 August 2005; Lebib Yalkin Yaimlari ve
Basim Isleri Anonim Sirketi: Istanbul, Turkey, 2005; pp. 138–149.

3. Sackey, B.A.; Mensah, P.; Collison, E.; Sakyi-Dawson, E. Campylobacter, Salmonella, Shigella and Escherichia coli in live and
dressed poultry from metropolitan Accra. Int. J. Food Microbiol. 2001, 71, 21–28. [CrossRef]

4. Barnes, H.; Gross, W. Colibacillosis. Diseases of Poultry, 10th ed.; Calnek, B.W., Barnes, H.J., Beard, C.W., McDougald, L.R., Saif,
Y.M., Eds.; Iowa State University Press: Ames, IA, USA, 1997; pp. 131–141.

5. De Oliveira, A.L.; Newman, D.M.; Sato, Y.; Noel, A.; Rauk, B.; Nolan, L.K.; Barbieri, N.L.; Logue, C.M. Characterization of avian
pathogenic escherichia coli (APEC) associated with Turkey cellulitis in Iowa. Front. Vet. Sci. 2020, 7, 380. [CrossRef] [PubMed]

6. Sadeyen, J.-R.; Kaiser, P.; Stevens, M.P.; Dziva, F. Analysis of immune responses induced by avian pathogenic Escherichia coli
infection in turkeys and their association with resistance to homologous re-challenge. Vet. Res. 2014, 45, 19. [CrossRef]

7. Pierson, F.W.; Larsen, C.; Domermuth, C. The production of colibacillosis in turkeys following sequential exposure to Newcastle
disease virus or Bordetella avium, avirulent hemorrhagic enteritis virus, and Escherichia coli. Avian Dis. 1996, 40, 837–840.
[CrossRef] [PubMed]

8. Vahsen, T.; Zapata, L.; Guabiraba, R.; Melloul, E.; Cordonnier, N.; Botterel, F.; Guillot, J.; Arné, P.; Risco-Castillo, V. Cellular and
molecular insights on the regulation of innate immune responses to experimental aspergillosis in chicken and turkey poults. Med.
Mycol. 2021, 59, 465–475. [CrossRef]

9. Morales-Mena, A.; Martínez-González, S.; Teague, K.D.; Graham, L.E.; Señas-Cuesta, R.; Vuong, C.N.; Lester, H.; Hernandez-
Patlan, D.; Solis-Cruz, B.; Fuente-Martinez, B. Assessment of fermented soybean meal on Salmonella Typhimurium infection in
neonatal turkey poults. Animals 2020, 10, 1849. [CrossRef]

10. Xu, L.; Eicher, S.D.; Applegate, T.J. Effects of increasing dietary concentrations of corn naturally contaminated with deoxynivalenol
on broiler and turkey poult performance and response to lipopolysaccharide. Poult. Sci. 2011, 90, 2766–2774. [CrossRef]

11. Gao, Y.-L.; Zhai, J.-H.; Chai, Y.-F. Recent advances in the molecular mechanisms underlying pyroptosis in sepsis. Mediat. Inflamm.
2018, 2018, 5823823. [CrossRef]

12. Ding, Q.; Wang, Y.; Zhang, A.-L.; Xu, T.; Zhou, D.-D.; Li, X.-F.; Yang, J.-F.; Zhang, L.; Wang, X. ZEB2 attenuates LPS-induced
inflammation by the NF-κB pathway in HK-2 cells. Inflammation 2018, 41, 722–731. [CrossRef]

13. Van Amersfoort, E.S.; Van Berkel, T.J.; Kuiper, J. Receptors, mediators, and mechanisms involved in bacterial sepsis and septic
shock. Clin. Microbiol. Rev. 2003, 16, 379–414. [CrossRef]

14. Park, B.S.; Lee, J.-O. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]
15. Riedemann, N.C.; Guo, R.-F.; Ward, P.A. Novel strategies for the treatment of sepsis. Nat. Med. 2003, 9, 517–524. [CrossRef]

http://doi.org/10.1093/femsle/fnv118
http://www.ncbi.nlm.nih.gov/pubmed/26204893
http://doi.org/10.1016/S0168-1605(01)00595-5
http://doi.org/10.3389/fvets.2020.00380
http://www.ncbi.nlm.nih.gov/pubmed/32719816
http://doi.org/10.1186/1297-9716-45-19
http://doi.org/10.2307/1592307
http://www.ncbi.nlm.nih.gov/pubmed/8980815
http://doi.org/10.1093/mmy/myaa069
http://doi.org/10.3390/ani10101849
http://doi.org/10.3382/ps.2011-01654
http://doi.org/10.1155/2018/5823823
http://doi.org/10.1007/s10753-017-0727-x
http://doi.org/10.1128/CMR.16.3.379-414.2003
http://doi.org/10.1038/emm.2013.97
http://doi.org/10.1038/nm0503-517


Vet. Sci. 2022, 9, 240 12 of 13

16. Kaukonen, K.-M.; Bailey, M.; Pilcher, D.; Cooper, D.J.; Bellomo, R. Systemic inflammatory response syndrome criteria in defining
severe sepsis. New Engl. J. Med. 2015, 372, 1629–1638. [CrossRef]

17. Ronco, C. Endotoxin removal: History of a mission. Blood Purif. 2014, 37, 5–8. [CrossRef] [PubMed]
18. De Boever, S.; Beyaert, R.; Vandemaele, F.; Baert, K.; Duchateau, L.; Goddeeris, B.; De Backer, P.; Croubels, S. The influence of age

and repeated lipopolysaccharide administration on body temperature and the concentration of interleukin-6 and IgM antibodies
against lipopolysaccharide in broiler chickens. Avian Pathol. 2008, 37, 39–44. [CrossRef] [PubMed]

19. Cheng, P.; Wang, T.; Li, W.; Muhammad, I.; Wang, H.; Sun, X.; Yang, Y.; Li, J.; Xiao, T.; Zhang, X. Baicalin alleviates
lipopolysaccharide-induced liver inflammation in chicken by suppressing TLR4-mediated NF-κB pathway. Front. Pharma-
col. 2017, 8, 547. [CrossRef] [PubMed]

20. Bai, J.; Wang, X.; Hao, M.; Li, H.; Cheng, G.; Liu, D.; Yang, Y.; Li, Y. Forsythiaside attenuates Escherichia coli lipopolysaccharide-
induced liver acute inflammatory response in chicken. Eur. J. Inflamm. 2019, 17, 2058739219826793. [CrossRef]

21. Reisinger, N.; Emsenhuber, C.; Doupovec, B.; Mayer, E.; Schatzmayr, G.; Nagl, V.; Grenier, B. Endotoxin translocation and gut
inflammation are increased in broiler chickens receiving an oral lipopolysaccharide (LPS) bolus during heat stress. Toxins 2020,
12, 622. [CrossRef]

22. Lew, W.Y.; Bayna, E.; Molle, E.D.; Dalton, N.D.; Lai, N.C.; Bhargava, V.; Mendiola, V.; Clopton, P.; Tang, T. Recurrent exposure to
subclinical lipopolysaccharide increases mortality and induces cardiac fibrosis in mice. PLoS ONE 2013, 8, e61057.

23. Couch, Y.; Trofimov, A.; Markova, N.; Nikolenko, V.; Steinbusch, H.W.; Chekhonin, V.; Schroeter, C.; Lesch, K.-P.; Anthony, D.C.;
Strekalova, T. Low-dose lipopolysaccharide (LPS) inhibits aggressive and augments depressive behaviours in a chronic mild
stress model in mice. J. Neuroinflamm. 2016, 13, 108. [CrossRef] [PubMed]

24. Bancroft, J.D.; Layton, C. The hematoxylins and eosin. In Bancroft’s Theory and Practice of Histological Techniques, 8th ed.; Suvarna,
S.K., Layton, C., Bancroft, J.D., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 126–138.

25. Shackelford, C.; Long, G.; Wolf, J.; Okerberg, C.; Herbert, R. Qualitative and quantitative analysis of nonneoplastic lesions in
toxicology studies. Toxicol. Pathol. 2002, 30, 93–96. [CrossRef] [PubMed]

26. Massoud, A.; Saad Allah, M.; Dahran, N.A.; Nasr, N.E.; El-Fkharany, I.; Ahmed, M.S.; Alsharif, K.F.; Elmahallawy, E.K.; Derbalah,
A.S. Toxicological effects of Malathion at low dose on Wister male rats with respect to Biochemical and Histopathological
alterations. Front. Environ. Sci. 2022, 10, 530. [CrossRef]

27. Alexander, C.; Rietschel, E.T. Invited review: Bacterial lipopolysaccharides and innate immunity. J. Endotoxin Res. 2001, 7, 167–202.
[CrossRef]

28. Zhang, X.; Song, Y.; Ci, X.; An, N.; Fan, J.; Cui, J.; Deng, X. Effects of florfenicol on early cytokine responses and survival in murine
endotoxemia. Int. Immunopharmacol. 2008, 8, 982–988. [CrossRef]

29. Schumann, R.R. Old and new findings on lipopolysaccharide-binding protein: A soluble pattern-recognition molecule. Biochem.
Soc. Trans. 2011, 39, 989–993. [CrossRef]

30. Liu, A.; Fang, H.; Wei, W.; Kan, C.; Xie, C.; Dahmen, U.; Dirsch, O. G-CSF pretreatment aggravates LPS-associated microcirculatory
dysfunction and acute liver injury after partial hepatectomy in rats. Histochem. Cell Biol. 2014, 142, 667–676. [CrossRef]

31. Fink, M.P. Animal models of sepsis. Virulence 2014, 5, 143–153. [CrossRef]
32. Ferluga, J.; Allison, A. Role of mononuclear infiltrating cells in pathogenesis of hepatitis. Lancet 1978, 312, 610–611. [CrossRef]
33. Curtis, M.; Butler, E. Response of caeruloplasmin to Escherichia coli endotoxins and adrenal hormones in the domestic fowl. Res.

Vet. Sci. 1980, 28, 217–222. [CrossRef]
34. Kaur, G.; Tirkey, N.; Bharrhan, S.; Chanana, V.; Rishi, P.; Chopra, K. Inhibition of oxidative stress and cytokine activity by

curcumin in amelioration of endotoxin-induced experimental hepatoxicity in rodents. Clin. Exp. Immunol. 2006, 145, 313–321.
[CrossRef] [PubMed]

35. Jiang, Z.; Meng, Y.; Bo, L.; Wang, C.; Bian, J.; Deng, X. Sophocarpine attenuates LPS-induced liver injury and improves survival
of mice through suppressing oxidative stress, inflammation, and apoptosis. Mediat. Inflamm. 2018, 2018, 5871431. [CrossRef]
[PubMed]

36. Kaneko, J.J. Serum proteins and the dysproteinemias. In Clinical Biochemistry of Domestic Animals; Elsevier: Amsterdam, The
Netherlands, 1997; pp. 117–138.

37. Eckersall, D. Proteins, Proteomics, and the Dysproteinemias. In Clinical Biochemistry of Domestic Animals, 6th ed.; Kaneko, J.J.,
Harvey, J.W., Bruss, M.L., Eds.; Academic Press Inc.: San Diego, CA, USA, 1997; pp. 116–155.

38. Jain, S.; Gautam, V.; Naseem, S. Acute-phase proteins: As diagnostic tool. J. Pharm. Bioallied Sci. 2011, 3, 118. [CrossRef] [PubMed]
39. Campbell, T.W. Clinical Chemistry of Birds. In Veterinary Hematology and Clinical Chemistry, 2nd ed.; Thrall, M.A., Weiser, G.,

Allison, R.W., Campbell, T.W., Eds.; Wiley-Blackwell: Ames, IA, USA, 2012; pp. 582–598.
40. O’Connell, T.; Horita, T.J.; Kasravi, B. Understanding and interpreting the serum protein electrophoresis. Am. Fam. Physician 2005,

71, 105–112. [PubMed]
41. Sakaguchi, O.; Sakaguchi, S. Alterations of lipid metabolism in mice injected with endotoxin. Microbiol. Immunol. 1979, 23, 71–85.

[CrossRef] [PubMed]
42. Yan, Y.-J.; Li, Y.; Lou, B.; Wu, M.-P. Beneficial effects of ApoA-I on LPS-induced acute lung injury and endotoxemia in mice. Life

Sci. 2006, 79, 210–215. [CrossRef]
43. Curtis, M.; Scott, B.; Butler, E. The influence of Escherichia coli 078 endotoxin on carbohydrate metabolism in the domestic fowl.

Res. Vet. Sci. 1981, 30, 57–61. [CrossRef]

http://doi.org/10.1056/NEJMoa1415236
http://doi.org/10.1159/000356831
http://www.ncbi.nlm.nih.gov/pubmed/24457488
http://doi.org/10.1080/03079450701784875
http://www.ncbi.nlm.nih.gov/pubmed/18202948
http://doi.org/10.3389/fphar.2017.00547
http://www.ncbi.nlm.nih.gov/pubmed/28868036
http://doi.org/10.1177/2058739219826793
http://doi.org/10.3390/toxins12100622
http://doi.org/10.1186/s12974-016-0572-0
http://www.ncbi.nlm.nih.gov/pubmed/27184538
http://doi.org/10.1080/01926230252824761
http://www.ncbi.nlm.nih.gov/pubmed/11890482
http://doi.org/10.3389/fenvs.2022.860359
http://doi.org/10.1177/09680519010070030101
http://doi.org/10.1016/j.intimp.2008.02.015
http://doi.org/10.1042/BST0390989
http://doi.org/10.1007/s00418-014-1242-x
http://doi.org/10.4161/viru.26083
http://doi.org/10.1016/S0140-6736(78)92828-3
http://doi.org/10.1016/S0034-5288(18)32750-4
http://doi.org/10.1111/j.1365-2249.2006.03108.x
http://www.ncbi.nlm.nih.gov/pubmed/16879252
http://doi.org/10.1155/2018/5871431
http://www.ncbi.nlm.nih.gov/pubmed/29861657
http://doi.org/10.4103/0975-7406.76489
http://www.ncbi.nlm.nih.gov/pubmed/21430962
http://www.ncbi.nlm.nih.gov/pubmed/15663032
http://doi.org/10.1111/j.1348-0421.1979.tb00443.x
http://www.ncbi.nlm.nih.gov/pubmed/379551
http://doi.org/10.1016/j.lfs.2006.02.011
http://doi.org/10.1016/S0034-5288(18)32608-0


Vet. Sci. 2022, 9, 240 13 of 13

44. Raetzsch, C.F.; Brooks, N.L.; Alderman, J.M.; Moore, K.S.; Hosick, P.A.; Klebanov, S.; Akira, S.; Bear, J.E.; Baldwin, A.S.; Mackman,
N. Lipopolysaccharide inhibition of glucose production through the Toll-like receptor-4, myeloid differentiation factor 88, and
nuclear factor κb pathway. Hepatology 2009, 50, 592–600. [CrossRef]

45. Xianchu, L.; Lan, Z.; Ming, L.; Yanzhi, M. Protective effects of rutin on lipopolysaccharide-induced heart injury in mice. J. Toxicol.
Sci. 2018, 43, 329–337. [CrossRef]

46. He, H.; Chang, X.; Gao, J.; Zhu, L.; Miao, M.; Yan, T. Salidroside mitigates sepsis-induced myocarditis in rats by regulating
IGF-1/PI3K/Akt/GSK-3β signaling. Inflammation 2015, 38, 2178–2184. [CrossRef]

47. Zhu, L.; Wei, T.; Gao, J.; Chang, X.; He, H.; Luo, F.; Zhou, R.; Ma, C.; Liu, Y.; Yan, T. The cardioprotective effect of salidroside
against myocardial ischemia reperfusion injury in rats by inhibiting apoptosis and inflammation. Apoptosis 2015, 20, 1433–1443.
[CrossRef] [PubMed]

48. Park, K.C.; Gaze, D.C.; Collinson, P.O.; Marber, M.S. Cardiac troponins: From myocardial infarction to chronic disease. Cardiovasc.
Res. 2017, 113, 1708–1718. [CrossRef] [PubMed]

49. Mair, J.; Artner-Dworzak, E.; Lechleitner, P.; Smidt, J.; Wagner, I.; Dienstl, F.; Puschendorf, B. Cardiac troponin T in diagnosis of
acute myocardial infarction. Clin. Chem. 1991, 37, 845–852. [CrossRef] [PubMed]

50. Elsawy, H.; Almalki, M.; Elmenshawy, O.; Abdel-Moneim, A. In vivo evaluation of the protective effects of arjunolic acid against
lipopolysaccharide-induced septic myocardial injury. PeerJ 2022, 10, e12986. [CrossRef] [PubMed]

51. Zhang, L.; Wen, K.; Zhang, Z.; Ma, C.; Zheng, N. 3,4-Dihydroxyphenylethanol ameliorates lipopolysaccharide-induced septic
cardiac injury in a murine model. Open Life Sci. 2021, 16, 1313–1320. [CrossRef]

52. Ahmed, N.; El-Agamy, D.S.; Mohammed, G.A.; Abo-Haded, H.; Elkablawy, M.; Ibrahim, S.R.M. Suppression of LPS-induced
hepato-and cardiotoxic effects by pulicaria petiolaris via NF-κB dependent mechanism. Cardiovasc. Toxicol. 2020, 20, 121–129.
[CrossRef]

53. Thorley, A.J.; Ford, P.A.; Giembycz, M.A.; Goldstraw, P.; Young, A.; Tetley, T.D. Differential regulation of cytokine release and
leukocyte migration by lipopolysaccharide-stimulated primary human lung alveolar type II epithelial cells and macrophages. J.
Immunol. 2007, 178, 463–473. [CrossRef]

54. Fehrenbach, H.; Brasch, F.; Uhlig, S.; Weisser, M.; Stamme, C.; Wendel, A.; Richter, J. Early alterations in intracellular and alveolar
surfactant of the rat lung in response to endotoxin. Am. J. Respir. Crit. Care Med. 1998, 157, 1630–1639. [CrossRef]

55. Burrell, R.; Lantz, R.C.; Hinton, D.E. Mediators of Pulmonary Injury Induced by Inhalation of Bacterial Endotoxin1-3. Am. Rev.
Respir. Dis. 1988, 137, 100–105. [CrossRef]

56. Luster, M.I.; Germolec, D.R.; Yoshida, T.; Kayama, F.; Thompson, M. Endotoxin-induced cytokine gene expression and excretion
in the liver. Hepatology 1994, 19, 480–488. [CrossRef]

57. Bautista, A.P.; Spitzer, J.J. Acute endotoxin tolerance downregulates superoxide anion release by the perfused liver and isolated
hepatic nonparenchymal cells. Hepatology 1995, 21, 855–862. [PubMed]

58. Nakao, A.; Taki, S.; Yasui, M.; Kimura, Y.; Nonami, T.; Harada, A.; Takagi, H. The fate of intravenously injected endotoxin in
normal rats and in rats with liver failure. Hepatology 1994, 19, 1251–1256. [CrossRef] [PubMed]

59. Charalambous, B.M.; Stephens, R.C.; Feavers, I.M.; Montgomery, H. Role of bacterial endotoxin in chronic heart failure: The gut
of the matter. Shock 2007, 28, 15–23. [CrossRef] [PubMed]

60. Brieland, J.K.; Kunkel, R.G.; Fantone, J.C. Pulmonary alveolar macrophage function during acute inflammatory lung injury. Am.
Rev. Respir. Dis. 1987, 135, 1300–1306. [CrossRef]

61. Nanji, A.A.; Griniuviene, B.; Yacoub, L.K.; Fogt, F.; Tahan, S.R. Intercellular adhesion molecule-1 expression in experimental
alcoholic liver disease: Relationship to endotoxemia and TNFα messenger RNA. Exp. Mol. Pathol. 1995, 62, 42–51. [CrossRef]

62. Dellepiane, S.; Marengo, M.; Cantaluppi, V. Detrimental cross-talk between sepsis and acute kidney injury: New pathogenic
mechanisms, early biomarkers and targeted therapies. Crit. Care 2016, 20, 61. [CrossRef]

63. Khan, R.Z.; Badr, K.F. Endotoxin and renal function: Perspectives to the understanding of septic acute renal failure and toxic
shock. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 1999, 14, 814–818. [CrossRef]

64. Konishi, N.; Ward, J. Increased levels of DNA synthesis in hyperplastic renal tubules of aging nephropathy in female F344/NCr
rats. Vet. Pathol. 1989, 26, 6–10. [CrossRef]

65. Tochitani, T.; Mori, M.; Matsuda, K.; Kouchi, M.; Fujii, Y.; Matsumoto, I. Histopathological characteristics of renal changes in
humanrenin-angiotensinogen double transgenic rats. J. Toxicol. Pathol. 2016, 29, 125–129. [CrossRef]

http://doi.org/10.1002/hep.22999
http://doi.org/10.2131/jts.43.329
http://doi.org/10.1007/s10753-015-0200-7
http://doi.org/10.1007/s10495-015-1174-5
http://www.ncbi.nlm.nih.gov/pubmed/26385354
http://doi.org/10.1093/cvr/cvx183
http://www.ncbi.nlm.nih.gov/pubmed/29016754
http://doi.org/10.1093/clinchem/37.6.845
http://www.ncbi.nlm.nih.gov/pubmed/2049849
http://doi.org/10.7717/peerj.12986
http://www.ncbi.nlm.nih.gov/pubmed/35190789
http://doi.org/10.1515/biol-2021-0125
http://doi.org/10.1007/s12012-019-09539-4
http://doi.org/10.4049/jimmunol.178.1.463
http://doi.org/10.1164/ajrccm.157.5.9611070
http://doi.org/10.1164/ajrccm/137.1.100
http://doi.org/10.1002/hep.1840190229
http://www.ncbi.nlm.nih.gov/pubmed/7875684
http://doi.org/10.1002/hep.1840190525
http://www.ncbi.nlm.nih.gov/pubmed/8175149
http://doi.org/10.1097/shk.0b013e318033ebc5
http://www.ncbi.nlm.nih.gov/pubmed/17510602
http://doi.org/10.1164/arrd.1987.135.6.1300
http://doi.org/10.1006/exmp.1995.1005
http://doi.org/10.1186/s13054-016-1219-3
http://doi.org/10.1093/ndt/14.4.814
http://doi.org/10.1177/030098588902600102
http://doi.org/10.1293/tox.2015-0055

	Introduction 
	Materials and Methods 
	Ethical Considerations 
	Animals 
	Chemicals 
	Experimental Design 
	Blood Sample Collection 
	Serum Biochemical Analysis 
	Serum Protein Electrophoresis 
	Histopathological Assessment 
	Statistical Analysis 

	Results 
	Effects of LPS on Serum Biomarkers 
	Effects of LPS on Serum Protein Fractionation 
	Histopathological Examination 

	Discussion 
	Conclusions 
	References

