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Abstract Intense host immune response to infection con-
tributes significantly to the pathology of pneumococcal
pneumonia. Therefore, the regulation of host immune
response is critical for the successful outcome of pneumo-
nia in such patients. The aim of the present study was to
investigate the effect of n-3 PUFA, i.e. flaxseed oil supple-
mentation for short (4 weeks) as well as long (9 weeks)
term, on the course of S. pneumoniae D39 serotype 2 infec-
tion in mice. The efficacy of flaxseed oil supplementation
was investigated in terms of survival of animals and
production of various inflammatory molecules (malondial-
dehyde, myeloperoxidase, nitric oxide) in the lung homoge-
nate of animals. This was correlated with bacteriological
and histopathological parameters. The immunomodulation
was studied in terms of cytokines in the lungs following
infection with Streptococcus pneumoniae. Results suggest
that long-term flaxseed supplementation protected the mice
against bacterial colonization of lungs with Streptococcus
pneumoniae with reduced histopathological involvement of
lung tissue. Moderate pneumonia was observed in supple-
mented, infected mice compared to severe pneumonia seen in
control mice. This was accompanied by decreased inflam-
matory markers (malondialdehyde, myeloperoxidase, nitric
oxide) as the disease progressed. In addition, difference in
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the levels of pro-inflammatory (TNF-a and IL-1f) and
anti-inflammatory (IL-10) cytokines was observed in the
flaxseed fed animals. On the contrary, short-term supple-
mentation did not show such an effect on lung colonization.
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w-3 PUFA - Pneumonia - Streptococcus pneumoniae

Introduction

Streptococcus pneumoniae is one of the leading causes of
morbidity and mortality in children. This ubiquitous organ-
ism, which often colonizes the human nasopharynx, causes a
variety of localized, noninvasive (e.g., sinusitis, otitis media)
and invasive (e.g., meningitis, bacteremia) infections [1].
Despite the availability of vaccines and antibiotic treat-
ments, mortality rates remain high. The pathology of pneu-
mococcal pneumonia results from an exaggerated host
inflammatory response to bacterial components. This over-
whelming inflammation contributes to tissue injury and
shock [2]. Immunity to pneumococcal pneumonia has long
been assumed to depend on the humoral arm of the immune
system but it is increasingly recognized that innate immunity
plays a critical role in the progression of pneumonia [3].

The recognition, that long-chain n-3 PUFA have the
potential to inhibit (excessive) inflammatory responses, has
led to a large number of clinical investigations with these
fatty acids in inflammatory conditions as well as in healthy
subjects. And, the results indicate that dietary n-3 PUFA
supplementation has a beneficial effect in various diseases
and conditions such as atherosclerosis, coronary heart dis-
ease, arrhythmias and in allergic conditions like asthma.
A recent meta-analysis of data from these human clinical
trials using “immunonutrition” suggests that giving an (n-3)
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PUFA-supplemented enteral nutrition product (e.g., Impact,
Sandoz Nutrition, Minneapolis, MN) may reduce nosoco-
mial infection and sepsis rates in some patient populations
[4]. Unfortunately, because of the combination of nutrients
[i.e., arginine, nucleotides and (n-3) PUFA] in the enteral
formula used in all of these studies, it is difficult to discern
how much of the reported effects are attributable to (n-3)
PUFA alone. Nutritional recommendations have recently
promoted the increased need to consume omega-3 fatty
acids. The most common way to consume omega-3 fatty
acids has been in the form of marine oils like fish. Recently,
flaxseed has been identified as a significant alternative
source of omega-3 (n-3) fatty acids [5, 6]. Flaxseed is one
of the richest sources of a-linolenic acid (ALA). ALA has
been identified in several epidemiological trials as having
significant beneficial effects. Inclusion of flaxseed in the
diet in animal studies has shown that flaxseed can inhibit
arrhythmogenesis during ischemia-reperfusion [7], inhibit
atherogenesis [8, 9], and protect against vascular dysfunc-
tion during hypercholesterolemic conditions [10]. Hence, in
this study we have evaluated the effects of flaxseed oil sup-
plementation on the course of experimental pneumonia by
Streptococcus pneumoniae in an animal model.

Materials and methods
Bacterial strain

Streptococcus pneumoniae strain D39 serotype 2 obtained
from Dr. Dong Kwon Rhee, Prof. of Microbiology from
College of Pharmacy, Sungkyunkwan University, South
Korea and maintained in the laboratory, was used in this
study. Organism was maintained on blood agar plates con-
taining 5% defibrinated blood.

Animals

Pathogen-free BALB/c mice of 6-8-weeks old, weighing
20-25 g were procured from the central animal house of
Panjab University, Chandigarh. Animals were kept in clean
propylene cages and fed on standard antibiotic-free diet
(JBD agencies Pvt. Ltd., India) and water ad libitum. Mice
were exposed to a standardized 12 h light/dark cycle.
Weight and health status were monitored before the induc-
tion of infection as well as at the time of death. The study
was conducted after approval from the animal ethics com-
mittee of Panjab University, Chandigarh, India.

Experimental protocol

Animals of either sex weighing 25-30 g were divided in 3
different groups consisting of 30 mice each. One group
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served as control in which mice were fed on normal stan-
dard lab chow diet. Another group of mice was fed on stan-
dard lab chow diet along with daily supplementation of
0.5 ml flaxseed oil (Flax Oil, Nature’s Bounty, U.S.A.) pro-
viding 2,000 mg/kg body weight/day of n-3 PUFA, admin-
istered orally with a feeding catheter (Romsons Ltd., India).
One group was fed for short (4 weeks) and other for long
(9 weeks) term, followed by infection with Streptococcus
pneumoniae D39.

Pneumococcal pneumonia model

S. pneumoniae was passaged through mice, and aliquots
were stored at —70°C with no significant loss of viability.
When required, suspension was thawed at room tempera-
ture and used to seed fresh blood agar plate and was incu-
bated overnight at 37°C in a 5% CO, atmosphere. The
cultures were centrifuged, washed, and resuspended in ster-
ile buffer saline (PBS) to obtain appropriate concentration
for infecting the animals via intratracheal (i.t.) route as
described earlier [11]. Briefly, mice were anesthetized with
propofol (3 mg/ml/ip). The trachea was exposed, and 50 pl
of inoculum containing 10° CFU of S. pneumoniae sus-
pended in PBS saline was administered via sterile 26-gauge
needle. The skin incision was closed using surgical staples.

Survival studies

Mice that were provided with flaxseed oil supplementation
or standard lab chow diet for different time intervals and
intratrachealy inoculated with Streptococcus pneumoniae
were observed daily, and mortality records were kept for
5 days. On this basis, the percent survival and mean sur-
vival time were calculated.

Quantitation of bacteria in lungs

Mice were killed at different time intervals, and lungs were
removed aseptically and then homogenized in one milliliter
of normal saline with the help of glass hand-held tissue
homogenizer. Bacteria were quantitated by spreading serial
dilutions of homogenized lung tissue on 5% defibrinated
blood agar plates, S. pneumoniae was counted and expressed
as CFU per ml after overnight incubation at 37°C.

The tissue homogenate from each mouse was processed
for the following parameters as well:

Inflammatory cells

Pulmonary neutrophil infiltration in lung tissue was quanti-
fied through the measurement of myeloperoxidase (MPO),
as previously described [12]. Briefly, lungs were removed
and homogenized in 2 ml of solution containing 50 mM
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PBS (pH 6.0) with 5% hexadecyl trimethyl ammonium
bromide and 5 mM EDTA. The homogenate was sonicated
and centrifuged at 15,000 g for 15 min. The supernatant
was mixed at a ratio of 1:15 in assay buffer (50 mM PBS,
pH 6.0; 0.167 mg/ml o-diansidine dihydrochloride;
0.0005% H,0,). MPO activity was assayed by measuring
the change in absorbance at 450 nm.

Biochemistry

Injuries to cell membranes were monitored through the
measurement of malondialdehyde (MDA), a metabolite
resulting from lipid peroxidation, which was detected by
the method of Ohkawa et al. [13]. Briefly, lungs were iso-
lated, homogenized, and 0.1 ml of the homogenate was
mixed with 0.2 ml of the 8.1% sodium dodecyl sulfate
(SDS), 1.5 ml of 20% acetic acid (pH 3.5), and 1.5 ml of
0.8% thiobarbituric acid (TBA). The mixture was heated at
100°C for 1 h, and then 1.0 ml of distilled water and 5.0 ml
of the mixture of n-butanol and pyridine (15:1; v/v) were
added. After centrifugation at 1500g for 10 min, the absor-
bance of the upper organic layer was measured at 532 nm.
MDA concentration was expressed as nanomole/mg
protein.

Inflammatory mediators

The release of nitric oxide (NO) in the lung homogenate
was evaluated through the measurement of its oxidized
nitrite and nitrate metabolites, according to the colorimetric
method of Griess, as described previously [14].

IL-1 8, TNF-o and IL-10 levels were detected in the
supernatants of lung homogenates of control and supple-
mented infected animals. Samples were subjected to a
mouse sandwich enzyme-linked immunosorbent assay to
quantify all the above cytokines (IL-1 f§, TNF-o and IL-10
kits; BD Biosciences, Pharmingen, C.A., USA.) following
the manufacturer’s instruction provided along with kit.

Histopathology

At different time points, the lungs were fixed in formalde-
hyde, embedded in paraffin, and processed for microscopy
as previously described [15]. Tissue sections were stained
with hematoxylin and eosin. Tissue was assessed on a
semiquantitative scale of 0—3 as shown in Table 1.

Statistical analysis

Data were analyzed for statistically significant differences
by two-way ANOVA between animals. Individual group
comparisons were made by two-tailed Student’s t test. Sta-
tistical significance was accepted at p < 0.005.
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Table 1 Semiquantitative scoring of lung tissue
Tissue Histological changes Score
Alveoli No change 0
Edema +1
Inflammatory cells in alveolar lumina +2
Inflammatory destruction of alveoli +3
(with lung abscess)
Bronchioles No change 0
Mild inflammation in the wall +1
(without lumina slough)
Severe inflammation in the wall +2
(with lumina slough)
Severe inflammation with luminal +3
slough and peribronchial inflammation
Results

Short-term dietary supplementation with flaxseed oil did
not show any improvement on the survival as well as on the
establishment of Streptococcus pneumoniae D39 serotype 2
in the lungs. The lung bacterial count in infected mice was
6.23 CFU/ml and in flaxseed oil fed infected mice was
6.07 CFU/ml, respectively (p > 0.05). Results indicated
that short-term (4 weeks) supplementation with flaxseed oil
did not provide protection against challenge with S. pneu-
moniae. However, flaxseed oil supplementation for 9 weeks
led to improvement in the survival of mice after pulmonary
S. pneumoniae infection. Figure 1 shows the survival rates
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Fig. 1 The survival of mice infected with S. pneumoniae D39 sero-
type 2 intratrachealy after feeding with flaxseed oil-supplemented diet
for 9 weeks. Each group consisted of 10 mice. *, p was < 0.05 when
compared to infected control
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in the flaxseed oil-supplemented groups following infection
with S. pneumoniae. In the flaxseed oil-supplemented
group, 60% mortality was observed on 4th post infection
day when compared to 100% mortality in normal saline fed
group (control).

Effect of flaxseed oil supplementation on bacterial
growth in lungs

The effect of flaxseed oil supplementation on lung bacterial
colonization was next investigated, and the results are pre-
sented in Fig. 2a. During initial stage of infection, bacterial
burden in the flaxseed oil-supplemented and normal saline
fed control group was similar. No significant decrease in
bacterial load in flaxseed oil-supplemented group was seen
till 48 h. However, significant decrease was observed in this
group at 72 h post infection (p < 0.05).

Histopathologic assessment of lung tissue

Lung tissue was examined at 4, 24, 48, and 72 h after intra-
tracheal inoculation of S. pneumoniae in different groups of
mice. No pathological changes in the lung could be found
at 4 h post inoculation (Fig. 3), whereas severe pneumonia

(severity score 3+/3+) was observed at 72 h after infection
in the control group. In flaxseed oil-supplemented group,
the severity of histopathological involvement was much
less (severity score 1+/2+).

Effect of supplementation of flaxseed oil on neutrophil
infiltration

Bacterial burden in infected animals is dependent on a bal-
ance between the bacterial proliferation and clearance by
host’s innate immune system. To investigate whether neu-
trophil migration was responsible for decreased bacterial
load and severity of infection seen in flaxseed oil-supple-
mented mice, the neutrophil migration was compared in
the lungs at various time points in flaxseed fed and normal
saline fed mice. In the normal saline fed group, pneumo-
coccal pneumonia induced a rapid, time-dependent accu-
mulation of neutrophils and monocytes/macrophages in
the lungs. Neutrophil numbers in control animals
increased with time after infection and were highest at
48 h post infection (Fig. 2b). In the flaxseed oil-supple-
mented group, a sudden increase in MPO content was
observed at 24 h indicating early infiltration of lungs with
neutrophils.
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Fig. 3 Representative photomicrographs of lung tissue (hematoxylin
& eosin) from mice after intratracheal instillation of S. pneumoniae.
a Photomicrograph showing lung tissue of normal mice, bronchii is
normal, no infiltration is seen around the alveoli or in the bronchii (HE
X 100). b Photomicrograph of lung tissue of flaxseed oil fed mice at
4 h post infection. Lymphoid tissue is normal along with bronchii
(HE x 200). ¢ Photomicrograph showing lung tissue of unsupple-

Effect of flaxseed oil supplementation on MDA levels
in lung homogenates

The MDA estimation in the lung homogenates of mice was
carried out, and the results are presented in Fig. 2c. Since
MDA is an indicator of tissue damage following the infec-
tion, no abrupt increase in MDA level was observed in the
lung homogenates of mice fed on flaxseed oil. The differ-
ence was found to be significant as MDA levels in flaxseed
oil fed mice were significantly less when compared to con-
trol animal at 48 and 72 h post infection.

Effect of flaxseed oil supplementation on NO levels
in lung homogenates

NO levels in lung homogenates of flaxseed oil fed mice
followed by infection with Streptococcus pneumoniae are
presented in Fig. 2d. Decrease in nitric oxide level in the
lung homogenates of flaxseed oil fed mice was observed at

e 3
af ROReDEC, WA

mented infected mice at 72 h post infection. Thick interalveolar sep-
tum with hyperplasia of pneumocytes was observed with severity score
+3 (HE x 200). d Photomicrograph showing lung tissue of flaxseed
oil-supplemented mice at 72 h post infection. Eosinophilic edema fluid
in the alveoli and congested vessels in septal wall with a severity score
+1 (HE x 200) was seen

all time points. However, this difference in the NO levels at
all time points was not found to be significant (p > 0.05)
when compared to its level in control mice, at different time
intervals.

Effect of flaxseed oil supplementation on cytokine levels

Levels of pro-inflammatory cytokines (IL1-f and TNF-x)
were evaluated in the lung homogenates of mice fed on
flaxseed oil for 9 weeks and subsequently infected with
S. pneumoniae. The results presented in Fig. 4a show that
IL1-p level in flaxseed oil-supplemented mice was highest
during the early phase of infection. At 24 h, a sharp decline
in IL1-f level was observed while no such decline was seen
in control infected mice. Increase in TNF-o level was
observed at all time points in flaxseed oil-supplemented
mice when compared to normal saline fed mice Fig. 4b.
However, the difference seen in the TNF-a level in the lung
homogenates of both the groups was insignificant. Results

@ Springer



32

Med Microbiol Immunol (2010) 199:27-34

Fig. 4 Levels of cytokines
IL-1o (a), TNF-o (b) and IL-10
(c) in the lung homogenates

of mice at different time
intervals. Before challenge with
S. pneumoniae, mice were given
flaxseed oil orally for 9 weeks.
Each group consisted of 30
mice, and 6 mice were killed

at each time point
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presented in Fig. 4c show the level of anti-inflammatory
cytokine (IL-10) in the lung homogenates of mice. Flaxseed
oil-supplemented mice showed peak production of IL-10 at
24 h followed by a decline at 48 and 72 h.

Discussion

Dietary supplements are becoming a part of conventional or
complementary and alternative medicine as these play an
important role in maintaining health. In the present study,
the group fed on flaxseed oil for 4 weeks followed by infec-
tion with S. pneumoniae was not able to survive the infec-
tion. Our findings corroborate the observation made by
Thors et al. [16], who demonstrated the beneficial effect of
dietary fish oil (10% w/w of the diet) on the survival of
mice following induction of experimental pneumonia with
Klebsiella pneumoniae, but not after infection with Strepto-
coccus pneumoniae serotype 3 when supplemented for
6 weeks [16]. Interestingly, the group fed on flaxseed oil for
9 weeks showed improved survival after infection with
S. pneumoniae. Bacterial load assessment showed signifi-
cant decrease in lung bacterial colonization when compared
to control. Pathological evaluation of lung tissue also sup-
ported bacteriological observation as supplementation of
diet with flaxseed oil in the animals for 9 weeks, brought
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down the infection from severe pneumonia to moderate
pneumonia. These results suggest that the duration of
feeding is a crucial factor for obtaining a positive effect of
dietary oil supplementation.

There are reports available in literature on feeding of
dietary fish oil followed by an in vivo challenge with an
infectious agent [17—19]. Nearly an equal number of papers
published on this subject report an adverse effect of these
oils on host’s ability to resist infectious disease whereas
others show neither beneficial effect nor any other effect
[17, 20-22]. Most studies with the ex vivo and in vitro data
suggest that dietary intake of these oils could impair host
defense against infectious agents. However, such in vitro
data may not be predictive of actual clinical outcome when
a host is challenged with a pathogen [23]. Although sur-
vival is clearly the most important clinical end point, it may
not necessarily be a complete indicator of host’s immunity.
The underlying mechanism(s) by which these essential oils
affect infectious disease resistance therefore will be of
interest. Thus, the present study was carried out to improve
our understanding as to how vegetable source of n-3 PUFA
i.e. flaxseed oil supplementation may affect infectious dis-
ease resistance.

Neutrophil migration from the vascular space to the air
space is an early and prominent component of the host
innate response to pneumococcal invasion [24]. Following
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initial tissue injury, neutrophils migrate to the area, become
activated and initiate a series of events. In fatal cases of
pneumococcal pneumonia there are often no viable bacte-
ria, and a persistent neutrophilic infiltrate in the lung is fre-
quently the only finding [25]. A dysregulated inflammatory
response and excessive production of microbicidal factors
contribute to mortality. The traditional paradigm suggests
that the neutrophils producing ROS are important to bacte-
rial clearance but excessive neutrophil recruitment is harm-
ful. In the present study, delayed MPO production along
with decrease in MPO levels, as the disease progressed,
points toward beneficial effects of flaxseed oil supplementa-
tion. The intense inflammatory neutrophilic infiltrate that
accompanies pneumococcal pneumonia is also responsible
for significant host tissue damage due to acute release of
oxygen free radicals from activated neutrophils [26]. MDA
is an end product of lipid peroxidation induced by free
oxygen radicals and gives information on the magnitude of
tissue damage. In the present study, decrease in tissue
MDA levels suggests protective effect of flaxseed supple-
mentation.

Nitric oxide (NO) production during inflammation is an
essential element of antimicrobial immunity but it can also
contribute to host-induced tissue damage [27]. Under the
conditions of pneumococcal pneumonia, large amounts of
NO are produced, causing hypotension, a critical patho-
logical feature of septic shock. n-3 PUFA have been
shown to inhibit immune cell NO production [27]. Results
of this previous study are in accord with our results as
decrease in nitric oxide levels was observed in the lung
homogenates of flaxseed oil fed mice compared to control
infected mice.

Cytokines play an important role in host defense as well
as detrimental effect which in turn under certain conditions
may contribute toward the manifestations of septic shock,
such as multiple organ failure and death. TNF-« prevents
outgrowth of bacteria in lungs and the onset of bacteraemia,
thereby playing a protective role in pneumococcal pneumo-
nia [28].The role of TNF-o is a double-edged sword, as it is
required in the lung in the early stage of disease but is detri-
mental in the latter part of infection process. A number of
studies have demonstrated enhanced TNF secretion in the
group of mice fed on fish oil [19, 29]. Previous results sup-
port our findings as in the early stage of infection, increased
TNF-« resulted in decreased bacterial growth in the lungs
when compared to control. However, at later stages in the
infection process, decrease in TNF activity was seen in case
of flaxseed oil fed mice while no decrease was seen in con-
trol infected mice. It seems that PUFA helps in regulating
cytokine production which might be protecting the host.
Similarly, increase in interleukin-1 (IL-1) levels was seen
during early infection followed by a decrease. TNF-o,
along with interleukin-1 (IL-1), can greatly increase the

production of many acute-phase proteins [30]. These
proteins are known to play an important role in the defense
against Streptococcus pneumoniae. It potentiates the
bactericidal properties of neutrophils and it also upregulates
vascular and neutrophil adhesion molecules, which facili-
tate the neutrophil influx at the site of infection [30-33].
Increased neutrophil infiltration in the lungs observed in
this study point toward such a mechanism contributing
toward influx due to altered cytokine levels.

The early increase in IL-10 production in flaxseed oil fed
mice points toward its role in early resolution of infection
in this animal group. Earlier results indicate that IL-10 reg-
ulates cytokine and chemokine production but does not
play an essential role in antibacterial host defense during
murine pneumococcal meningitis [34]. These results taken
together to prove that the dietary fish oil has immunomodu-
latory role mediated in part by its effect on pro and anti-
inflammatory cytokines. Recently, a new group of w-3 fatty
acid derivatives, called the resolvins, was introduced by
Serhan et al. [28]. This group is anti-inflammatory and
possesses immunoregulatory action. The presence of this
compound in flaxseed oil might explain the positive effects
of the n-3 PUFA supplementation on the course of Strepto-
coccus pneumoniae infection in our study.
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