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Abstract: �The present study was designed to evaluate the effect of Plasmodium and Salmonella co-infection in LACA mice. The parasitaemic 
level, bacterial load, histological alterations and levels of oxidants/antioxidant activity were measured. Co-infected mice had a high 
parasitaemic level, increased bacterial load, and died earlier than Plasmodium-infected mice. Histologically, co-infected mice had more 
architectural damage in the liver, spleen, kidney, and brain than the control groups. The level of lipid peroxidation was significantly 
increased and the activities of antioxidative enzymes (superoxide dismutase and catalase) were decreased in all organs of co-infected 
mice compared to the control groups, indicating depression of the antioxidant defense system. The present study demonstrates more 
severe histological and biochemical alterations in co-infected mice, highlighting the importance of early diagnosis for selection of ap-
propriate treatments and reducing the likelihood of further complications.
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1. Introduction
Infectious diseases have high degree of morbidity and 
mortality. Infections caused by parasites, bacteria, and 
viruses have become a major public health concern, 
particularly in developing and under-developed 
countries due to poor sanitation, lack of potable water, 
and inadequate treatment. The situation is even 
worse in neonates, children, pregnant women, and 
immunocompromised individuals. Several studies have 
reported an enhanced susceptibility of HIV-infected 
individuals to various infections, including hepatitis, 
toxoplasmosis, pneumonia, malaria, and salmonellosis 
[1-3]. Similarly, prior infection with Helicobacter pylori 
infection enhances the susceptibility to infection with 
Salmonella typhi [4].  

Malaria and typhoid are endemic in developing 
countries, including India. These diseases affect 
millions of children and adults every year [5]. Although 
they have similar symptoms and epidemiology, little is 
known about their coexistence. It has been reported that 

the prevalence of typhoid is higher in areas where drug-
resistant malaria is common and that 35% of malaria 
patients have false-positive Widal tests, whereas 22% 
of malaria patients have positive Widal test [6-7].

Recently, bacteriemia, especially due to non-
typhoidal Salmonella infection, has been documented 
in African children with malaria [8]. Clinically, malaria 
and salmonellosis have been found to be associated, 
but there is little data on the incidence of co-infection, 
and their relative contribution to pathogenesis during co-
infection is unknown. Thus, in the current study, we used 
a murine model to examine the effects of co-infection on 
the level of parasitemia, bacterial load, and histological 
alterations related to immune status.    
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2. Material and Methods

2.1. Microorganisms
Plasmodium berghei (NICD, National Institute of 
Communicable Diseases, New Delhi, India) strain NK 
65 was maintained in LACA mice by intraperitoneal (i/p) 
inoculation with parasitized blood.  Salmonella enterica 
serovar typhimurium (virulent strain NCTC 74) was 
obtained from the Central Research Institute, Kasauli, 
India. The strain was cultured on nutrient agar slants 
at 37ºC and stored at 4ºC. The strain was examined 
biochemically and serologically prior to storage and 
use.

2.2. Animals
Crossbred LACA mice, 8-10 weeks old, weighing 18-25 
g were used. The animals were bred in the Central 
Animal House, Panjab University, Chandigarh, India and 
were provided standard pellet diet and water ad libitum. 
Animal care, use and disposal were in accordance with 
the guidelines of our institutional ethical committee. 

2.3. Colony formation assay
Salmonella enterica serovar typhimurium (NCTC 74) 
was grown in nutrient broth for 9 h at 37°C, harvested, 
washed, and resuspended in phosphate-buffered saline 
(PBS; 0.1 M, pH 7.2). Viable counts were determined 
by spreading 10 μl each of 10-fold serial dilutions of 
the culture on nutrient agar plates. The plates were 
incubated overnight at 37°C. Following incubation, 
bacterial colonies were counted, and colony-forming 
units (CFU) were calculated.

2.4. Animal studies
The animals were divided into the following four groups: 
group I (n=8), control mice inoculated intraperitoneally 
(i/p) with normal saline; group II (n=16), P. berghei-
infected mice, inoculated i/p with 105 parasitized red 
blood cells; group III (n=8), S. typhimurium-infected 
mice, inoculated with 104 S. typhimurium cells i/p; group 
IV (n=16), mice infected with both P. berghei and S. 
typhimurium, inoculated i/p with both P. berghei (105) and 
S. typhimurium (104) on the same day. Animals in groups 
I and III were sacrificed 5 days after inoculation. Eight 
mice in groups II and IV were used to study the pattern of 
parasitemia, and the remaining 8 were sacrificed at the 
parasitemia level of 30% to 40%. Animals were sacrificed 
by cervical dislocation. Parasitemia, histopathology, lipid 
peroxidation (oxidant) and antioxidant levels   [reduced 
glutathione (GSH), superoxide dismutase (SOD) and 
catalase] were measured.

2.5. Measurement of parasitemia
Percent parasitemia was monitored on every alternate 
day by tail vein blood smear, followed by fixation in 
methanol, staining with Giemsa, and analysis of at least 
500 cells.

2.6. Collection of tissue, histopathology, and 
preparation of tissue homogenates

The liver, spleen, kidney, and brain of all animals were 
removed aseptically and rinsed in normal saline. Tissues 
weights were measured, and a portion of the tissue 
was fixed in 10% buffered formalin, were processed, 
stained with hematoxylin & eosin, mounted with DPX 
and examined microscopically. The remaining tissue 
was homogenized for 30 to 45 s in PBS using a Potter-
Elvehjem homogenizer with a Teflon pestle on ice. The 
protein content in the tissue homogenates was estimated 
according to the method of Lowery et al. [9].

2.7. Assessment of bacterial load
Bacterial load in tissues was assessed by plating 10-fold 
serial dilutions of tissue homogenates on nutrient agar. 
Cultures were incubated for 24 h at 37°C. Bacterial 
load in the blood of mice belonging to groups III and IV 
was assessed by streaking tail vein blood directly on to 
MacConkey agar. 

2.8. Isolation of PMS
Tissue homogenates were centrifuged at 2500 rpm for 
10 min. The pellet was discarded, and the supernatant 
was further centrifuged at 12,000 rpm for 10 min at 4°C. 
Supernatants (PMS) were collected and used for the 
estimation of various oxidants and antioxidants level.

2.9. Analysis of lipid peroxidation
Lipid peroxidation was assessed as described by Wills 
[10] using the molar extinction coefficient of chromophore 
(1.56 × 10 M-1cm-1).

2.10. Measurement of GSH levels
GSH levels in various tissues were assessed as 
described by Ellman [11], and the results are expressed 
as nanomoles of GSH per milligram of protein.

2.11. Assay of SOD activity
SOD activity was measured according to the method of 
Kono [12] and expressed as units SOD per milligram 
protein, where one unit of activity is defined as the 
amount of SOD required to inhibit the rate of reduction 
of nitro blue tetrazolium by 50%. 
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2.12. Assay of catalase activity
Catalase activity was assayed by the method of 
Calabiborne [13] using the absorption at 240 nm, and 
the results are expressed in K min-1. 

2.13. Statistical analysis
Means were compared using Student’s t-test with 
an equal number of observations. The oxidant and 
antioxidant data was analyzed by two-way analysis 
of variance with an equal number of observations. 
Differences were considered significant at p<0.05.

3. Results 

3.1. Parasitemia 
Plasmodium-infected mice showed a gradual increase 
in parasitemia that began 2 days after inoculation and 
increased gradually until day 9 post-inoculation, with 
maximal parasitemia of 44.7%. In contrast, co-infected 
mice showed a rapid increase in parasitemia beginning 
1 day after inoculation, with maximal parasitemia of 46% 
on after 7 days (Fig. 1).  Co-infected mice died earlier 
than Plasmodium-infected mice (day 8 vs. day 10). 

3.2. Qualitative and quantitative assessment of 
bacterial cells

The bacterial load in the blood of Salmonella- and 
co-infected mice 3 days after inoculation is shown in 
Figures 2 and 3. Co-infected mice had higher bacteremia 
and mortality than Salmonella-infected mice (Table 1 and 
2). Interestingly, in the Salmonella-infected group, none 
of the mice had died 5 days post-inoculation, whereas 
more than 60% of mice in the co-infected group were 
dead at this time (Table 2). The bacterial load in various 
organs was significantly higher in the co-infected mice 
than in the Salmonella-infected mice (Table 1). In 

addition, the weights of all organs were significantly 
higher in co-infected mice than in the control groups 
(Table 3).
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Figure 1. Parasitaemic level in Plasmodium-infected and co-infected 
mice. Values are means ± standard deviation.

Figure 2. Bacterial loads in Salmonella-infected mice 3 days after 
inoculation.

Figure 3. Bacterial loads in co-infected mice 3 days after 
inoculation.

Tissue Salmonella-infected Co-infected infected

Liver 9.2X105 ± 0.65 9.8X 05 ± 0.68 b 

Spleen 2.8X105 ± .35 7.3X105 ± 0.49 a 

Kidney 1.3X104 ± 0.55 7.2X104 ± 0.50 b 

Brain 9.3X103 ±0.72 1.7X104 ± 0.40 b 

Table 1. Quantitative assessment of bacterial load in the vital 
organs.

Values represent mean CFU/ml ± standard deviation. ap<0.01, 
bp<0.05

Post inoculation days
Salmonella infected  
(P/M/N/ %)

Co-infected 
(P/M/N/ %)

1 - / 0 / 8 / 0 - / 0 / 8 / 0

2 - / 0 / 8 / 0 - / 0 / 8 / 0

3 + / 0 / 8 / 50 + / 1 / 8 / 87.5

4 + / 0 / 8 / 100 + / 2 / 8 / 100

5 + / 0 / 8 / 100 + / 2 / 8 / 100

Table 2. Bacterial load in the blood of Salmonella and co-infected 
mice. 

P, presence/absence of organism; M, mortality; N, total number of 
mice; %, percent of mice showing bacterial colonies.
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3.3. Histopathology
Histopathologically, the livers of control mice showed 
hepatic plates radiating outwards from the central vein 
and towards the periphery of the sinusoids between 
the plates of hepatocytes (Figure 4a). In contrast, the 
livers of Plasmodium-infected mice showed distortion 
in the central vein and prominent sinusoid spacing, 
and the livers of Salmonella-infected showed structural 
disintegration in hepatic plates along with dilated 
sinusoids and increased intracellular gaps. In addition, 
severally damaged central veins and mildly distorted 
hepatic lobules were observed (Figures 4b and 4c). 
Interestingly, the livers of co-infected mice showed 
overall distortion of the histoarchitecture, dilated 
sinusoids, an enlarged nucleus, and poorly formed 
lobules (Figure 4d). 

The spleens of control mice showed a normal 
splenocytes texture (Figure 5a), whereas the spleens 
of both Plasmodium- and Salmonella-infected mice 
showed inflammation of the splenocytes (Figure 5b), 

with the Salmonella-infected mice having a greater 
extent of inflammation (Figure 5c). Similarly, co-infected 
mice had a maximal extent of splenocytes inflammation 
and altered architecture, along with prominent sinusoids 
(Figure 5d).

The kidneys of Plasmodium-infected mice showed 
damaged convoluted tubules (Figure 6b), whereas the 
kidneys of Salmonella-infected mice showed damaged 
glomeruli and Bowman’s capsules (Figure 6c). In 
contrast, co-infected mice had highly inflamed glomeruli 
and Bowman’s capsules (Figure 6d). 

The brains of control mice had normal pyramidal cell 
structures in the cortex region (Figure 7a). The brains 
of Plasmodium-infected mice, in contrast, showed 
inflammation of the giant pyramidal cells and broadly 
damaged interstitia (Figure 7b). The giant pyramidal 
cells were not prominent in Salmonella-infected mice 
(Figure 7c). The brains of co-infected mice had thin 
interstitia in the cerebral cortex and a damaged cellular 
architecture (Figure 7d).

Figure 4. Photomicrograph showing a liver stained with hematoxylin & eosin (magnification, 250x). (a) Control mice. (b) Plasmodium-infected 
mice. (c) Salmonella-infected mice. (d) Co-infected mice.

a b

c d

Organ Control Plasmodium-infected Salmonella-infected Co-infected

Liver 0.98 ± 0.020 1.79 ± 0.063 a 1.24 ± 0.067 a,b 1.87 ±0.078 a,b,c

Spleen 0.053 ±0.019 0.318 ± 0.036 a 0.12 ± 0.031 a,b 0.34 ± 0.043 a,b,c

Kidney  0.15 ±0.021 0.205 ± 0.013 a 0.16 ± 0.023 a,b 0.21 ± 0.016 a,b,c

Brain 0.352 ± 0.030 0.208 ± 0.021 a 0.31 ± 0.039 a,b 0.22 ± 0.014 a,b,c

Table 3. Vital organ weights.

Values are means ± standard deviation. aSignificant (p<0.05) difference vs. control group. bSignificant (p<0.05) difference vs. Plasmodium-infected 
group. cSignificant (p<0.05) difference vs. Salmonella-infected group.
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Figure 5. Photomicrograph showing a spleen stained with hematoxylin & eosin (magnification, 250x). (a) Control mice. (b) Plasmodium-infected 
mice. (c) Salmonella-infected mice. (d) Co-infected mice.

a b

c d

Figure 6. Photomicrograph showing a kidney stained with hematoxylin & eosin (magnification, 250x). (a) Control mice. (b) Plasmodium-infected 
mice. (c) Salmonella-infected mice. (d) Co-infected mice.

a b

c d
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3.4. Oxidant and antioxidant level
Plasmodium- and Salmonella-infected mice had 
increased levels of MDA in all organs compared to 
the control group. The level of MDA in co-infected 
mice, however, was much higher than in the controls 
(Figure  8). Similarly, the GSH level was significantly 
higher in all three test groups compared to the controls 
(Figure 9). SOD and catalase activities in organs, 
however, were significantly lower in co-, Salmonella-, 
and Plasmodium-infected mice compared to control 
mice (Tables 4 and 5). 

4. Discussion
Malaria and Salmonella are more prevalent in 
underdeveloped countries, and their co-existence in the 
same individual may result in further deterioration of the 
health status.  Thus, we carried out the present study to 
examine how co-infection affects the host.

Co-infected mice had a gradual increase in 
parasitemia due to increased reticulocytosis [14]. The 
infection was more severe in co-infected mice, a finding 

Figure 7. Photomicrograph showing a brain stained with hematoxylin & eosin (magnification, 250x). (a) Control mice. (b) Plasmodium-infected 
mice. (c) Salmonella-infected mice. (d) Co-infected mice.

a b

c d

Figure 9. Levels of GSH. Values are means ± standard deviation. 
aSignificant (p<0.05) difference vs. control group. 
bSignificant (p<0.05) difference vs. Plasmodium-infected 
group. cSignificant (p<0.05) difference vs. Salmonella-
infected group.

 

  Figure 8. Melanodialdehyde levels. Values are means ± standard 
deviation. aSignificant (p<0.05) difference vs. control 
group. bSignificant (p<0.05) difference vs. Plasmodium-
infected group. cSignificant (p<0.05) difference vs. 
Salmonella-infected group.
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supported by the observation of an increased bacterial 
load in the blood and organs. This suggests that co-
infection makes the host more vulnerable to infection. 
These observations are supported by earlier studies 
showing an elevated bacterial count in the livers of 
infected mice [15-16]. 

Lipid per oxidation is a process of oxidative 
degradation of polyunsaturated fatty acids, and it 
results in the generation of excess of free radical 
intermediates, a characteristic of cell injury. The level 
of lipid peroxidation products, such as MDA, can be 
used an index of peroxidation. Reactive oxygen species 
are important mediators of tissue injury during malaria 
and typhoid [17-19]. The enhanced level of MDA in all 
of the organs of all three test groups supports that the 
damage observed was due to enhanced production of 
oxidants, in agreement with earlier findings [18-20]. In 
addition, it is well established that malarial parasites 
invading erythrocytes cause pathological alterations in 
organs, ranging from hyperplasia and color change (i.e., 
from pink to dark brown due to accumulation of malarial 
hemozoin pigment) and increased production of reactive 
oxygen species due to activation of neutrophils and 
degradation of hemoglobin [21].

Tissue injury depends upon the balance between 
the generation of toxic radicals and tissue antioxidant 
status [19,22]. GSH, an antioxidant, may act either by 
protecting cells from lipid peroxidation or by protecting 
protein sulfhydrl groups from irreversible oxidation 
after oxidant injury. In addition, GSH released by liver 
parenchymal cells are thought to trap reactive oxygen 

species generated by Kupffer cells and neutrophils in 
the vasculature and therefore attenuate liver injury [23]. 
However, in the present study, the level of GSH was 
increased despite an increased severity of infection, 
suggesting that GSH might have a dual role in vivo. 
In contrast, an increased level of GSH during infection 
by malaria may be an attempt by the host to neutralize 
oxidative stress generated by the parasite.

The decreased antioxidant enzyme (SOD and 
catalase) activity observed here may be due to a 
reduced ability to neutralize superoxide anions and 
inefficient detoxification of hydrogen peroxidase, which 
would result in the formation of hydroxyl radicals. 
The increased production of hydroxyl radicals may, in 
turn, enhance the peroxidation of lipid membranes as 
suggested by an increased extent of lipid peroxidation 
in all three test groups of mice. These findings are 
supported by our histopathological studies, where, 
in spite of an increased level of GSH, there was clear 
damage to all organs, in accordance with earlier studies 
[20,24]. 

In summary, the results of present study suggests that 
both individual infection by Plasmodium or Salmonella 
or co-infection by the two microorganisms may cause 
tissue damage due to the accumulation of free radicals, 
resulting in decreased levels of antioxidant enzymes. 
Our results suggest that the manifestations of infection 
were more pronounced in co-infected mice due to 
increased oxidative stress and depressed antioxidative 
response.  

Group

SOD activity  
(units/mg protein) in  Liver

Liver Spleen Kidney Brain

Control 279.31±0.32 117.24±0.22 110.07±0.23 127.9±0.47

Plasmodium 147.86±0.18a 82.82±0.19a 66.77±0.18a 67.58±0.21a

Salmonella 186.75±0.21a,b 91.92±0.19a,b 94.14±0.21a,b 98.4±0.51a,b

Co-infected 118.54±0.07a,b,c 64.92±0.14a,b,c 58.32±0.14a,b,c 37.98±0.18a,b,c

Table 4. SOD activity in different groups of mice. 

Values are means ± standard deviation. aSignificant (p<0.05) difference vs. control group. bSignificant (p<0.05) difference vs. Plasmodium-infected 
group. cSignificant (p<0.05) difference vs. Salmonella-infected group.

Group

Catalase activity  
(Kmin-1) in liver

Liver Spleen Kidney Brain

Control 0.38±0.24 0.15±0.21 0.25±0.22 0.15±0.64

Plasmodium  0.19±0.13a 0.08±0.19a 0.21±0.21a 0.05±0.11a

Salmonella 0.23±0.12a,b 0.08±0.18a,b 0.24±0.22a,b 0.11±0.29a,b

Co-infected 0.15±0.09a,b,c 0.06±0.16a,b,c 0.17±0.18a,b,c 0.03±0.09a,b,c

Values are means ± standard deviation. aSignificant (p<0.05) difference vs. control group. bSignificant (p<0.05) difference vs. Plasmodium-
infected group. cSignificant (p<0.05) difference vs. Salmonella-infected group.

Table 5. Catalase activity in different groups of mice.   
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