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Abstract

Introduction: Lipopolysaccharide is a bacterial endotoxin that induces acute lung injury in experimental animals, which is
similar to acute respiratory distress syndrome in humans. The induced tissue trauma ends in fibrosis. Understanding the
pathogenesis is important in the prevention and treatment of the complications. This study was assigned to investigate the
long-term lipopolysaccharide-induced lung injury and the postulated protective effect of ascorbic acid on these changes.
Materials and methods: Twenty-four adult male albino rats were divided into three groups. Group | was the controls,
group |l received lipopolysaccharide and group Il received lipopolysaccharide and ascorbic acid. After 30days of starting
treatment, lung tissue samples were obtained.

Results: Group Il lung tissues showed marked thickening of the alveolar septa with collapsed alveolar sacs, detached
bronchial epithelium, inflammatory cell infiltration and excessive deposition of collagen. Group Ill showed mild thickening
of the alveolar walls, scanty inflammatory cell infiltration, mild parabronchial fibrosis and less marked collagen deposition.
a-Smooth muscle actin staining of group Il showed marked expression of the actin-positive cells. Less potential expression
of the dye was found in group lll. Ultrastructural examination of group Il showed evident structural changes in pneumocytes
with capillary basement membrane irregularity and interruption compared to uniform basement membrane in group Il with
less prominent intracellular changes in pneumocytes.

Conclusion: Ascorbic acid attenuated the inflammatory response and fibrosis in the lungs of rats treated with
lipopolysaccharide as evidenced by the histological, immunohistochemical and ultrastructural studies.
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Introduction The body defends against ROS by antioxidant enzymes
when the production of the free radicals exceeds the enzy-
matic system capacity, and the second line of defense (vita-
mins) may come into action.'* Therapeutic measures that can
control or neutralize the produced ROS are therefore able to

Lipopolysaccharide (LPS) is a bacterial endotoxin derived
from the cell wall of the Gram-negative bacteria. It is a widely
accepted experimental inducer of acute lung injury (ALI).!?
LPS-induced ALI in experimental animals simulates acute
respiratory distress syndrome in humans.? It acts by activa-
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modulate inflammatory cell migration reversing ROS-
mediated pulmonary injury. Previous studies on ROS scav-
engers on endotoxin-induced ALI proved significant
reduction in parameters of tissue injury with an improvement
in the pulmonary functions.'

Ascorbic acid is the commonest nontoxic essential dietary
antioxidant.!¢ It is the reduced form of vitamin C, which is an
essential metabolite for life.!” It has been proved to act
against sepsis-induced inflammation.!® It prevents oxidation
of cytoplasmic and membrane components of cells!'® through
scavenging reactive oxygen and nitrogen species? or by pro-
moting the action of antioxidant enzymes.?!

Plasma concentration of ascorbic acid was found to be sub-
normal in patients with sepsis or organ failure.!822 At the same
time, its deficiency was always found to be associated with
increased oxidative stress and oxidant-induced cell death.??

The implied mechanisms of short-term inflammatory pro-
cess during LPS-induced ALI were discussed in previous
researches;?*2 however, facts about the long-term tissue
changes are still deficient and need more investigations.
Understanding these pathological changes is important for
effective prevention and treatment.?® This study was there-
fore assigned to investigate the long-term LPS-induced lung
injury and the postulated protective effect of ascorbic acid on
these changes.

Materials and methods

Animals and groups

Twenty-four adult male albino rats (200-240¢g weight) of
12-14weeks were obtained from Mansoura Faculty of
Medicine animal house. The sample size was calculated by
OpenEpi calculator. The variables reading entered according
to similar previous studies.>® They were kept in five rat
cages under the standard conditions approved by the
Institutional Research Board (IRB) of Mansoura University.

All animal handling procedures were conducted in
accordance with the principles of laboratory animal care
(National Institutes of Health Guide for the Care and Use of
Laboratory Animals; NIH Publications No. 8023, revised
1978). After 7 days of acclimatization, rats were divided into
three groups (eight animals each). Group (I) served as the
controls, group (II) received LPS (Escherichia coli LPS,
055: BS, Product Number: L2880) purchased from Sigma
Aldrich (St. Louis, MO, USA) in phosphate-buffered saline
(PBS; Sigma Aldrich, Product Number: P7059) and group
(IIT) received LPS and ascorbic acid (Vitamin C; Memphis
Co. for Pharmaceutical and Chemical Industries,
AstraZeneca, Egypt, product of Toronto Research chemicals,
Product Number: A786990, supplied as white powder, dis-
solved in sterile distilled water and prepared as an aqueous
solution). Group (II) animals were injected with LPS dis-
solved in 4puL of PBS 10mg/kg rat intraperitoneally. The
injection was repeated after Sdays in a dose of S5mg/kg to
induce lung injury.?” Group (I) animals received an equal

volume of PBS intraperitoneally at the same time. Group
(IIT) received LPS (similar to group II) and ascorbic acid
(250 mg/kg/day) for 30 days via gastric tube starting from the
first day of LPS exposure.?®

Experimental protocols

After 30 days of starting treatment, no mortality was detected.
All rats were killed by exsanguination under anesthesia with
80mg/kg ketamine (Ketamine, Pfizer, USA, Product
Number: PL 01502/0099) and Smg/kg xylazine (xylazine
hydrochloride Buyers Helpdesk, India, Product of Sigma
Aldrich, Product Number X 1126). The thoracic cavities
were opened in the midline; the lungs were exposed, detached
and prepared for light and electron microscopic studies.

Light microscopic study

Lung tissue specimens (four specimens per rat) were stained
by the usual techniques of H&E (Sigma Aldrich, Product
Number: HHS16 and E4009), Masson’s trichrome (MT)
(Sigma Aldrich, Product Number: HT15) and Sirius Red
stains (Sigma Aldrich, Product Number: 365548) for detec-
tion of tissue fibrosis?® and anti-a-smooth muscle actin (Anti-
Actin, smooth muscle Antibody, clone ASM-1/1A4, Product
Number: A2547, Sigma Chemical Co., St. Louis, MO, USA)
immune stain for detection of myofibroblast activity.3

Electron microscopic examination

Ultrathin sections (50—70nm) were stained with uranyl ace-
tate and lead citrate (Product of TED PELLA INC. USA,
Product Number 155) and examined in Assiut electron
microscope unit (Joel X100 CXII TEM at Assiut Electron
Microscope Unit and photographed using Digital Camera
CCD Jacan, Model XR).3!

Image analysis

The area percent of collagen deposition in Masson’s tri-
chrome—stained sections of the similar lung areas was esti-
mated by optical density in randomly selected alveolar septa
using Leica Q Win standard (digital camera CH-9435 DFC
290, Germany). For all measures, 10 non-overlapping fields
in each paraffin block for each rat were examined at X400
magnification and photographed. The lamp intensity, camera
exposure and camera gain were kept constant throughout the
examination. The photographs were analyzed for positive
staining using an Image Analyzer with a measuring frame
area="786,432.0 wm?. Morphometry was carried out at the
Image Analysis Unit, Anatomy Department, Faculty of
Medicine, Taibah University.

Sirius red—stained sections (10 non-overlapping fields in
each paraffin block for each rat) were examined randomly
under X100 power by two observers in a blind manner.
Quantitative analysis was performed using a validated,
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Figure 1. (a) Photomicrograph of control lung showing multiple alveoli (A) with numerous alveolar sacs (AS). Terminal bronchioles are
seen lined with ciliated columnar epithelium (E) with a smooth uniform layer of smooth muscle (M). A pulmonary arteriole is seen close
to the bronchioles. (b) Photomicrograph of group Il lung tissue showing collapsed obliterated alveolar air spaces (A) with thickening

of the interalveolar septa containing multiple apoptotic cells (arrow) and widespread inflammatory cell infiltration (arrowheads). The
bronchiolar epithelium (E) shows areas of patchy separation with accumulated sloughed epithelial cells and amorphous material in the
lumen (tailed arrows). Scattered nodules of linearly arranged spindle-shaped fibroblasts with pale staining extracellular matrix are also
seen (star). (c) Photomicrograph of group Il lung tissue showing mild thickening of the alveolar walls (A) with scanty inflammatory cell
infiltration (arrowheads). Less congested arterioles (Art) with less apparent parabronchiolar fibrosis (star). Bronchiolar epithelium (E)
appears intact with a small amount of amorphous material in the lumen (tailed arrow).

arbitrary visual scale with grading scores of 0, 1, 2, 3 and 4
representing no, weak, moderate, intense and very intense
staining, respectively.’>33 Data from both studies were
expressed as mean (= SD).

Statistical analysis

Data collected from the morphometric study of Masson’s
trichrome—stained sections of different groups were ana-
lyzed using ANOVA (analysis of variance) test. A two-tailed
Mann—Whitney rank-sum test was used for non-parametric
comparisons of the quantitative data obtained from Sirius
red—stained sections. A p-value of p<<0.001 indicates sig-
nificant differences.

Results

Light microscopic examination

Light microscopic examination of group I (control group)
revealed normal lung tissue structure including multiple

alveoli with alveolar sacs, terminal bronchioles lined with
ciliated columnar epithelium and a layer of smooth muscle
fibers and pulmonary arterioles with uniform thickened
walls (Figure 1(a)).

Group II lung tissues showed marked histopathological
changes in the form of thickened irregular alveolar septae
with multiple apoptotic cells. Most alveolar sacs were col-
lapsed with obliterated lumens. Areas of patchy detachment
of the bronchiolar epithelium with sloughed epithelial cells
show amorphous material in its lumens. Widespread areas
of septal edema with interstitial inflammatory cell infiltra-
tion were also evident. Scattered nodules of linearly
arranged spindle-shaped fibroblasts with pale staining
extracellular matrix were also seen. Congested blood ves-
sels with hypertrophy of the muscle layer were observed
(Figure 1(b)).

In contrast, group III lung tissues showed mild thickening
of the alveolar walls, scanty inflammatory cell infiltration,
intact bronchiolar epithelium with scarce cellular debris and
mild parabronchial fibrosis (Figure 1(c)).
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Figure 2. (a) Photomicrograph of control lung tissue stained with Sirius red stain shows normal pulmonary architecture with normal
fibrous tissue distribution in both bronchiolar wall and pulmonary interstitium (arrows). (b) Photomicrograph of group Il lung tissue
stained with Sirius red stain shows excessive collagen deposition in both bronchiolar wall and pulmonary interstitium (arrows). (c)
Photomicrograph of group Il stained with Sirius red shows less marked bronchiolar and interstitial collagen bundles deposition (arrows).

Sirius red stain revealed minimal fibrous tissue distribu-
tion in both bronchiolar walls and pulmonary interstitium of
the control group (Group I) (Figure 2(a)). Group II lung tissue
showed excessive deposition of collagen especially in the
perivascular spaces and subepithelial matrix (Figure 2(b)).
Compared with group II, lung tissues of group III showed
apparent less marked collagen deposition (Figure 2(c)).

Masson’s trichrome stain of the control lung tissue showed
minimal interstitial fibrosis (Figure 3(a)). Group II showed
extensive collagen deposition in the bronchiolar walls and the
pulmonary interstitium (Figure 3(b)), while group III showed
less enhanced pulmonary fibrosis (Figure 3(c)).

a-Smooth muscle actin (SMA) staining of the control lung
tissues (group I) showed minimal actin-positive cell expres-
sion particularly in the bronchiolar wall and adjacent blood
vessels (Figure 4(a)). On the contrary, extensive expression of
the actin-positive cells, particularly in the fibrotic foci, was
seen in group II (Figure 4(b)). Less potential expression of the
dye was found in the lung tissues of group III (Figure 4(c)).

Electron microscopic examination

Transmission electron microscopic examination of the lung
tissue of group I (control group) (Figure 5(al) and (a2))
showed apparently normal alveolar septac formed of type I
pneumocytes with elongated nuclei and type II pneumocytes

with a large rounded nuclei and numerous cytoplasmic orga-
nelles including lamellar inclusion bodies, rounded mitochon-
dria, rough endoplasmic reticulum and numerous microvilli
on the free border facing the alveolar space. The blood—air
barrier is formed of peripheral cytoplasmic processes of the
type I pneumocytes and the blood capillary endothelium with
a common basement membrane in-between.

Group II lung tissues showed type II pneumocytes with
shrunken dark eccentric nuclei, apical lamellar bodies,
bizarre-shaped mitochondria and almost absent microvilli on
the free border. The capillary basement membrane appeared
irregular and interrupted. The interstitial space was widened
with abundant collagen bundles and macrophage invasion
(Figure 5(bl) and (b2)).

Electron microscopic examination of group III lung tissue
(Figure 5(cl) and (c2)) revealed less prominent collagen
bundle deposition and thick uniform basement membrane.
Type II pneumocytes showed rounded mitochondria, few
lamellar inclusion bodies and near-normal microvilli.

Morphometric analysis

Morphometric analysis of the area percent of collagen dep-
osition of Masson’s trichrome—stained sections showed a
significant increase of collagen content in lung tissues of
group II rats compared to the control group. Ascorbic
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Figure 3. (a) Photomicrograph of control lung stained with Masson’s trichrome stain shows a thin layer of collagen bundles in the
bronchiolar wall with scanty bundles in the interstitium (arrows). (b) Photomicrograph of group Il lung stained with Masson’s trichrome
stain shows excessive collagen deposition in the bronchial wall and interstitium (arrows). (c) Photomicrograph of group Il lung stained
with Masson’s trichrome stain shows less enhanced pulmonary fibrosis both in the bronchial wall and the interstitium (arrows).

Figure 4. (a) Photomicrograph of control lung stained with a-smooth muscle actin shows minimal expression of actin-positive cells in
the bronchiolar wall and the adjacent blood vessels (arrows). (b) Photomicrograph of group Il lung stained with a-smooth muscle actin
shows extensive expression of actin-positive cells in the bronchiolar wall (arrows). Aggregation of positive cells is identified in a fibrotic
focus (star). (c) Photomicrograph of group Il lung stained with a-smooth muscle actin shows less potential expression of the dye in the

bronchiolar wall, the adjacent blood vessel and the interstitium (arrows).
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Figure 5. (al) Electron micrograph of control lung shows type 2 pneumocyte (P2) with a large rounded nucleus, intracellular lamellar
bodies (L), rounded mitochondria (M) and rough endoplasmic reticulum (R). The free border of the cell shows numerous microvilli
(arrowheads) facing the alveolar space. A red blood cell (RBC) is seen in the pulmonary capillaries. (a2) Electron photomicrograph

of control lung shows RBCs inside the pulmonary capillaries. Blood—air barrier formed of a peripheral cytoplasmic process (tailed
arrow) of type | pneumocytes (Pl) and the blood capillary endothelium (arrowhead) with a common basement membrane in-between.
(bl) Electron micrograph of group Il showing thickening of the irregular interrupted basement membrane in between endothelium
(arrowhead) and the cytoplasmic process of Pl (tailed arrow). Numerous collagen bundles (C) are interposed in the interstitium.

(b2) Electron photomicrograph of group Il shows P2 cells with a shrunken dark eccentric nucleus, atypical lamellar bodies, bizarre-

shaped mitochondria (M), intracellular lamellar bodies (L) and almost absent microvilli (arrowheads) toward the alveolar space (As). A
microphage with an irregular nucleus (Mc) is seen in the expanded interstitium (Is). (c|) Electron photomicrograph of lung of group llI
shows less prominent collagen bundle deposition in the interstitium (C). The blood—air barrier (tailed arrow) shows thick and almost
uniform basement membrane. (c2) Electron photomicrograph of group Il shows P2 cells with mitochondria (M), intracellular lamellar

bodies (L) and microvilli (arrowheads) toward the alveolar space.

acid—treated animals (group III) had a significant decreased
collagen contents in lung tissues when compared to group 11
(Table 1 and Diagram 1).

Correlation between the scores of fibrosis in the lung tis-
sues stained with Sirius Red stain (Table 2 and Diagram 2)
showed that increased score of fibrosis in group II was sig-
nificant compared to the control group and group III. A com-
parison of the scores between the individual readers showed
no significant difference.

Discussion

LPS-induced lung injury is a widely accepted animal model
of ALL? LPS activates an inflammatory cascade in the
endothelial cells resulting in stimulating collagen deposition
in the extracellular matrix ending in tissue stiffening and
fibrosis! which in turn exacerbates the inflammatory activa-
tion of lung vascular endothelium?* and disruption of the
endothelial barrier.??
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Table I. Morphometric measurements of the area of collagen
deposition of lung tissue in square micrometers in Masson’s
trichrome—stained sections.

Control (Group I) Group Il Group Il

17.12+0.69 34.9 =2.50* 25.6 =2.26*

Values are means =+ SD.
*p<0.001 significant.
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Diagram |. Area of collagen deposition of lung tissue in square
micrometers.

Table 2. Scores of fibrosis in the lung tissues stained with Sirius
Red stain.

Control (Group I) Group Il Group Il
1.03=0.1 3.18=0.16* 2.35+0.257*
Values are means =+ SD.
*p < 0.001 significant.
4
* *
3 f V- \
3
2.5
2
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0
Group | Group Il Group Il

Diagram 2. Score of fibrosis of lung tissue.

LPS-induced acute inflammation is completely estab-
lished within a week. This process is followed by the devel-
opment of chronic lung fibrosis®¢ that is well settled around
days 21-28.26 In this study, the time of tissue sampling was

at 30 days from the first LPS exposure to be sure that all the
pathological changes are well established.

Our results showed that LPS-treated group (Group II)
had thickened irregular alveolar septac with widespread
areas of interstitial inflammatory cell infiltration and scat-
tered nodules of fibroblasts. Same results were found in
other studies?”-3% with more or less degrees of tissue inflam-
matory signs. This variability is mostly caused by the differ-
ent LPS doses or timing of tissue sampling. On the other
hand, ascorbic acid—treated group (Group III) lung tissues
had less thickening of the alveolar walls, scanty inflamma-
tory cell infiltration, intact bronchiolar epithelium and mild
fibrosis.

Ultrastructural examination of the lungs of the group II
showed cellular degeneration signs in type II pneumocytes
with a widening of the interstitial spaces compared with the
control group. Evident collagen deposition, microphage
infiltration and irregularity of the capillary basement mem-
brane indicate enhanced fibrosis. Similar results were dis-
cussed by Parra et al.® Less marked pathological changes
were found in group III.

The extent of lung tissue fibrosis was estimated by colla-
gen-specific dyes and confirmed by statistical analysis of
collagen deposition. Group II showed excessive deposition
of fibrous tissue in the perivascular spaces and subepithelial
matrix. This deposition was statistically highly significant
compared to the control group. Meanwhile, group I1I showed
a significant decrease in collagen contents compared with
group II.

Although being one of the major components in most
body tissues,* collagen increased presentation is one of the
main consequences of tissue inflammation. Different degrees
of satisfaction of collagen fibers’ staining methods have been
reported.*! Of the famous traditional histochemical methods,
Masson’s trichrome and Sirius red staining are outstanding.
The degree of sensitivity of the dye is crucial in identifying
the degree of tissue fibrosis. Some studies blamed Masson’s
trichrome stain to be the cause of underestimation of the col-
lagen content.*24* Comparing the results of the two staining
methods, the study is supposed to be more expressive and to
avoid pitfalls of a single one. Results obtained from assess-
ments of both dyes were almost similar.

LPS induces systemic inflammation with increased pro-
duction of ROS, which initiates and promotes lipid peroxida-
tion that ends in oxidative damage.** ROS are accused to be
the main generator of lung fibrosis.*>:4

Being one of the essential antioxidants, ascorbic acid can
counteract the mechanism by which LPS induces lung inflam-
mation and fibrosis. This is because it not only acts as a scav-
enger for ROS but also promotes the action of antioxidant
enzymes.21#748 Consequently, ascorbic acid reduces the high
microvasculature permeability that characterizes acute lung
inflammation following infusion of endotoxins like LPS.>37

a-SMA staining of group Il rats showed extensive expres-
sion of the actin-positive cells particularly in the fibrotic foci
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compared with the control group. Less potential expression
of the dye was observed in the lung tissues of group III.
a-SMA-positive cells are responsible for remodeling of
fibrotic rat lungs.*® The a-SMA-positive cells correspond to
true alveolar myofibroblasts which proliferate and produce an
accumulation of extracellular matrix in response to fibrotic
stimuli. Slight changes in the total actin content of the lung
are reflected by a considerable increase in a-SMA-positive
cells.’® The process of lung tissue fibrosis promotes prolifera-
tion and polymerization of actin content of fibroblasts.?
During the process of fibrosis, the actin-containing cells
accumulate and increase the extracellular matrix which
results in increased contractility and decreased elasticity of
the alveolar tissue.5® On the biochemical level, LPS-induced
inflammatory process is associated with increased fibronectin
with subsequently increased tissue stiffening.>! Ascorbic acid
opposes this action as evidenced by the decreased expression
of the dye in the lung tissues of group III. This action occurs
mostly by inducing relaxation of the smooth muscles in the
respiratory tree through increasing release of prostaglandin
E2 and counteracting PGF2 alpha and histamine.*?
Scavengers of ROS like ascorbic acid fortunately have
the ability to reduce pulmonary hypertension, hypoxia and
increased microvascular permeability, which characterize
ALI following infusion of endotoxin.>-7
Poor management of lung inflammation may lead to the
development of pulmonary fibrosis due to the resulting fibro-
proliferative respiratory distress.! Pulmonary fibrosis is a
major clinical problem with fatal outcome.'* The disappoint-
ing and controversial results of traditional pharmacologic tri-
als for management of pulmonary fibrosis create a necessity
to look for effective protective management to treat or even to
stop the progression of the disease.*® At the same time, some
of the proposed treatments were complicated with an
increased risk of disease progression or severe side effects.>?
The results of this study are limited by the relatively small
number of animals and the high dosage of ascorbic acid
used. Further investigations of the exact molecular mecha-
nism involved in the protective effect of ascorbic acid on the
lung tissue required to gain a better picture of its contribution
to the lung repair.

Conclusion

Our study confirmed that ascorbic acid can attenuate the
inflammatory response and fibrosis in the lungs of rats
treated with LPS as evidenced by the histological, immuno-
histochemical and ultrastructural studies. These findings
provide an evidence that ascorbic acid may serve as a target
adjuvant therapy for potential protective treatment of post-
inflammatory lung fibrosis.
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