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Abstract: Hyperlipidemia is a significant risk factor for atherosclerosis and coronary heart disease
(CHD). The aim of this study was to investigate hypolipidemic effects of Lactobacillus, Spirulina and
their combination on Swiss albino mice fed a regular or high-cholesterol diet. Rosuvastatin was used
as a reference drug The highest body weight, total cholesterol (TC), triglycerides (TG), low-density
lipoprotein cholesterol LDL-C and the lowest high-density lipoprotein cholesterol were recorded
in a positive control group (G5). Treatment with Lactobacillus or Spirulina or by their combination
resulted in a significant decrease in body weight, TC, TG, LDL-C and significant increase in HDL-C
(p < 0.05) in both mice fed a regular diet or high-cholesterol diet. The treatments induced a significant
increase in Hb, MCHC and HCT levels in mice fed a regular diet (p < 0.05). They did not induce
a significant effect on these parameters in mice fed a high-cholesterol diet, while treatment with
standard rosuvastatin induced a significant decrease in these parameters (p < 0.05). The treatments
induced a significant increase in the platelet count and WBC number in mice fed a regular diet
p < 0.05), while they induced significant decrease in these parameters in mice fed a high-cholesterol
diet p < 0.05. They also stimulated the innate immunity represented by both monocyte and neutrophil
cells in mice fed a regular diet, while this immunity was reduced in mice fed a high-cholesterol
diet. It also caused a marked reduction in inflammation and an improvement in the congestion of
cardiac tissues, the aorta, and the spleen. The treatment of hyperlipidemic mice with combination of
Lactobacillus and Spirulina gave similar results to those obtained with treatment by rosuvastatin.

Keywords: hypolipidemic; immunomodulatory; Lactobacillus casei; Lactobacillus plantarum;
Spirulina platensis

1. Introduction

Cardiovascular disease (CVD) and its consequences are the leading causes of death
worldwide. According to a World Health Organization estimate, cardiovascular disease is
responsible for 31% of all fatalities worldwide [1]. Hyperlipidemia is a significant risk factor
for atherosclerosis and coronary heart disease (CHD). Even though there are numerous
risk factors for CHD, hyperlipidemia remains a primary determinant of this disease [2]. To
decrease the incidence of CHD, it is necessary to reduce the level of serum cholesterol in
hypercholesterolemic subjects. The most well-known hypercholesteremic medications are
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statins. However, statin side effects such as myalgia, physical weakness, weariness, low
energy and hyperglycemia have been reported [3].

Probiotics are defined as selected, live, microbial dietary supplements that, when
supplied in appropriate amounts, have a favorable effect on the human organism through
their activities in the intestinal tract [4]. Many studies demonstrated that probiotics or
products containing them have a variety of health advantages, including the prevention
of CVD and improving overall health [5]. According to recent studies, functional meals
created with probiotic yeasts reduce the levels of lipids in the serum of rats fed a high-
cholesterol diet [6]. In fact, compared to placebo-treated animals, mice and rats fed probiotic
strains, such as Lactobacillus and Bifidobacterium, demonstrated decreased weight growth,
fat formation, and white adipose tissue in over 85 percent of investigations [7]. In addition
to improving the digestive system, probiotics are also found to have immunomodulatory
effects, promoting endogenous host defense mechanisms, and resulting in gut microbiota
stabilization [8]. Lactobacillus bacteria have been identified to strengthen the intestine’s
immunologic barrier by enhancing humoral immune responses. Probiotics and prebiotics
may have immunomodulatory properties by changing the gut microbial population and
reducing the activity of pathogenic intestinal microorganisms such as Klebsiella pneumoniae
and Clostridia perfringens [9].

Blue–green algae (Cyanobacteria) are a group of Gram-negative photoautotrophic
prokaryotes containing a blue–green-colored pigment (c-phycocyanin) [10]. Recent studies
have used cyanobacterial biomasses to boost the functional product qualities of fermented
milk and promote probiotic viability and nutritional features by adding a microalgae
Spirulina to it [11]. Spirulina is a blue–green microalga that is rich in antioxidants, amino
acids, high-quality proteins, iron and calcium, unsaturated fatty acids, and a variety of
vitamins, including A, B2, B6, B8, B12, E, and K. Spirulina is shown to have antiviral,
anti-inflammatory, and anticancer properties, as well as the ability to reduce blood lipid
profile, blood sugar, body weight, hypertension, wound healing time and to enhance the
growth of intestinal Lactobacillus. As a result, Spirulina is regarded as a functional food
with therapeutic properties for a variety of ailments [12,13]. Recently, it was speculated
that Spirulina could be associated with the modulation of the host immune system. In
mice, Spirulina enhanced IL-1 and antibody production [14]. Spirulina platensis extract was
regarded as the best algal source for prebiotics as it had a greater stimulatory effect on
the growth of probiotic bacteria. Oligosaccharides in algal extracts function as prebiotic
compounds for the stimulation of probiotic bacteria [15].

To the best of our knowledge, this is the first study evaluating the synergistic im-
munomodulatory and hypolipidemic effects of mixture of (L. plantarum, L. casei) and Spirulina
platensis in an animal model of Swiss albino mice with diet-induced hypercholesterolemia.

2. Materials and Methods
2.1. Bacterial Strains

Lactobacillus plantarum p9 was isolated and identified according to Hoda et al. [16].
Lactobacillus casei ATCC 7469 and Spirulina platensis cyanobacteria were obtained from the
Microbiology Lab at Genetic Engineering and Biotechnology Research Institute (GEBRI),
Sadat University, Sadat City, Egypt.

2.2. Algae Cultivation

Spirulina platensis cyanobacteria were cultivated in Zarrouk’s medium [17] at 25 ± 2 ◦C,
pH 10 with continuous illumination using cool white fluorescent tubes (2500 Lux) and
was shaken by hand twice daily for 15 days. Cells were collected by filtration using filter
paper with 8 mm pore size (screen-printing paper), washed with buffer solution (pH 7),
diluted, and processed for further inoculation. A known volume of S. platensis sample was
filtered through screen-printing paper and oven-dried at 60 ◦C until a constant weight
was reached.
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2.3. Preparation of Cell Lysate

Cells (1 × 107 cfu/mL) from L. plantarum and L. casei were harvested by centrifugation
at 4 ◦C for 30 min (5000 rpm). The pellets were washed twice with 20 mM sodium phosphate
buffer pH 7.4 and then re-suspended in it. The washed cell suspension was disrupted with
an ultrasonic cell disrupter (Brandson 4 ◦C) and filtered (0.45 µm, Millipore, Burlington,
MA, USA). Cells debris was removed by centrifugation (10,000× g for 10 min), the lysate
was collected, and its protein concentration was estimated by the Bradford method (Bio-Rad
Laboratories, Hercules, CA, USA) [18].

2.4. Experimental Design for Mice Feeding with L. plantarum and L. casei and Spirulina platensis
2.4.1. Animals

Forty-five five- to six-week-old Swiss albino mice were obtained from National Or-
ganization of Drug Control and Research, Giza, Egypt. The mice were randomly housed
in plastic cages and allowed to acclimatize for ten days before the experiment. All animal
handling procedures, sample collection and disposal were carried out according to the
regulation of Institutional Animal Care and Use Committee (IACUC), Faculty of Veterinary
Medicine, University of Sadat City, Egypt, under approval number VUSC-001-3-16.

The mice were randomized into 9 groups that were treated as follows:
G1: Normal group (fed on regular diet).
G2: Fed on regular diet treated with 1 mg/kg BW of cell lysates of L. plantarum +

L. casei (1 × 107 cfu/mL) at 1:1 ratio for 8 consecutive weeks.
G3: Fed on regular diet treated with 1 mg/kg BW of S. platensis for 8 consecutive weeks.
G4: Fed on regular diet treated with 1 mg/kg BW of cell lysates of L. plantarum +

L. casei (1 × 107 cfu/mL) at 1:1 ratio + S. platensins for 8 consecutive weeks.
G5: Positive control (fed on high-cholesterol diet).
G6: Fed on high-cholesterol diet treated with 1 mg/kg BW of cell lysates of L. plantarum

+ L. casei (1 × 107 cfu/mL) at 1:1 ratio for 8 consecutive weeks.
G7: Fed on high-cholesterol diet treated with 1 mg/kg BW of S. platensis for 8 consecu-

tive weeks.
G8: Fed on high-cholesterol diet treated with 1 mg/kg BW of cell lysates of L. plantarum

+ L. casei (1 × 107 cfu/mL) at 1:1 ratio + S. platensins for 8 consecutive weeks.
G9: Fed on high-cholesterol diet treated with 1 mg/kg BW of standard rosuvastatin

for 8 consecutive weeks.
The regular diet consists of wheat flour 22.5%, soybean powder 25%, essential fatty

acids 0.6%, vitamins (A 0.6 mg/kg, D 1000 IU/kg, E 35 mg/kg, niacin 20 mg/kg, pan-
tothenic acid 8 mg/kg, riboflavin 0.8 mg/1000 kcal, thiamin 4 mg/kg, B6 50 mg/kg,
and B12 7 mg/kg of diet) and minerals (calcium 5 g/kg, phosphorus 4 g/kg, fluoride
1 mg/kg, iodine 0.15 mg/kg, chloride 5 mg/kg, iron 35 mg/kg, copper 5 mg/kg, mag-
nesium 800 mg/kg, potassium 35 mg/kg, manganese 50 mg/kg, and sulfur 3 mg/kg of
diet) [19]. The nutrition contents of the high-cholesterol diet were similar to those of the
regular diet, except for the addition of (1000 µg/mice) cholesterol to the regular diet.

Body mass was measured at the beginning and at the end of the experiment.

2.4.2. Blood Sampling and Biochemical Assays

Animals of different groups were sacrificed under diethyl ether anesthesia. Blood
samples were collected using ethylenediaminetetraacetic acid (EDTA). EDTA was used as
an anticoagulant and centrifuged at 3000 rpm for 20 min. Sera were used for biochemical
investigations. Triglycerides (TG) were determined according to the method of Fossati
and Prencip [20]. Tricholesterol (TC) was determined according to the method of Deeg
and Ziegenohrm [21]. HDL-C was determined in the plasma according to the method of
Lopez et al. [22]. LDL-C was calculated according to the method of Friedewald et al. [23].
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2.4.3. Histopathological Examination

At the end of the experiments, the mice were sacrificed under diethyl ether anesthesia,
and spleen and heart were collected and fixed with 10% formalin. After 72 h of fixation,
samples were dehydrated, embedded in paraffin wax, sectioned (6 µm), and then stained
with hematoxylin and eosin (H&E). The stained tissues were then examined microscopically
by a light microscope for general histopathological changes. Histological photos were taken
by using a Leica EC3 digital camera [24].

2.4.4. Assessment of Complete Blood Count (CBC)

The mice were fasted overnight prior to sample collection. Diethyl ether was used
to take blood samples from mice that were under general anesthesia. Venipuncture was
used to draw blood samples, which were then placed in test tubes with anticoagulant
(EDTA). The blood was transferred into the tube as soon as possible after collection, and
the anticoagulant was mixed properly. Then, all samples were sent to the laboratory for
the measurement of hematological parameters (white blood cells (WBC), platelet count,
hemoglobin level (Hb), red blood cells (RBC), hematocrit level (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC). All samples were analyzed by VetScan HM2 TM Hematology
System, Abaxis® (Union City, CA, USA).

2.4.5. Analysis of Myeloid Cells with Flow Cytometry

Erythrocytes were lysed in the blood samples with ACK in Cell Culture Grade Wa-
ter. Cells were stained with anti-Ly6G mAb and anti-CD11b mAb (purchased from BD
Biosciences, Sanjose, CA, USA) for 30 min on in ice and at dark. The stained cells were
then washed twice with phosphate-buffered saline (PBS) and, finally, resuspended in flow
cytometry staining buffer (FACS). The cells were then evaluated against a BD FACSCalibur
TM and Partec (BD Biosciences, Sanjose, CA, USA) and analyzed using flow Jaw software,
BD Biosciences [25].

2.5. Statistical Analysis

Data are presented as the mean ± standard error (SE) and were subjected to statis-
tical analysis using one-way analysis of variance (ANOVA) according to Snedcor and
Cochran [26].

3. Results and Discussion
3.1. Effects of Lactobacillus and Spirulina Treatment on Body Weight

Obesity is linked to a higher intake of high-calorie foods, which leads to increased fat
storage and body mass [27]. Figure 1 demonstrates the effect of Lactobacilli and Spirulina
on the body weight of mice fed on regular or high-cholesterol diets.

At 15 days and at 57 days, there was a significant increase in body weight of G5
(p < 0.05) compared to that of G1, of G2, G3 and G4. At 15 days, there was no significant
change (p < 0.05) in body weight of G6, G7, G8 and G9 compared to G5, while the body
weight of these groups significantly decreased (p < 0.05) compared to G5 at 57 days.

Crovesy et al. [28] reported that probiotics have the potential to help with weight and
fat mass loss in overweight subjects. An increased short-chain fatty acids (SCFA) generation
by probiotics influences appetite and energy homeostasis [29]. Some Bifidobacterium and
Lactobacillus species have been found to produce beneficial conjugated linoleic acid (CLA).
CLA improves energy metabolism and lipolysis, which has an effect on body weight [30].
Spirulina has a beneficial effect on reducing body fat, waist circumference, body mass index
and appetite. The proposed mechanism of action of Spirulina is a reduction in macrophage
infiltration into visceral fat, the prevention of hepatic fat accumulation, a reduction in
oxidative stress, and improvement in insulin sensitivity and satiety [31].
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Figure 1. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combination
on body weight of albino mice at 15 and 57 days. Error bars represent SE of means. G1: regular
diet (RD); G2: RD + Lp + Lc; G3: RD + Sp; G4: RD + Lp + Lc + Sp; G5: high-cholesterol diet (Ch);
G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Lc + Sp; G9: Ch+ rosuvastatin. Bars with different
superscript are significantly different (p < 0.05).

3.2. Effects of Lactobacillus and Spirulina Treatment on Cholesterol Levels

Figure 2 demonstrates the effect of Lactobacilli and Spirulina on cholesterol levels of
mice fed on regular or high-cholesterol diets.

Fermentation 2022, 8, x FOR PEER REVIEW 5 of 20 
 

 

effect on body weight [30]. Spirulina has a beneficial effect on reducing body fat, waist 
circumference, body mass index and appetite. The proposed mechanism of action of 
Spirulina is a reduction in macrophage infiltration into visceral fat, the prevention of 
hepatic fat accumulation, a reduction in oxidative stress, and improvement in insulin 
sensitivity and satiety [31]. 

 
Figure 1. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combination on 
body weight of albino mice at 15 and 57 days. Error bars represent SE of means. G1: regular diet 
(RD); G2: RD + Lp + Lc; G3: RD + Sp; G4: RD + Lp + Lc + Sp; G5: high-cholesterol diet (Ch); G6: Ch 
+ Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Lc + Sp; G9: Ch+ rosuvastatin. Bars with different superscript 
are significantly different (p < 0.05). 

3.2. Effects of Lactobacillus and Spirulina Treatment on Cholesterol Levels 
Figure 2 demonstrates the effect of Lactobacilli and Spirulina on cholesterol levels of 

mice fed on regular or high-cholesterol diets. 

 
Figure 2. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combination on 
total cholesterol (TC) level in albino mice (mg/dL) at 15 and 57 days. Error bars represent SE of 
mean. G1: Regular diet (RD); G2: RD + Lp + Lc; G3: RD + Sp; G4: RD + Lp + Lc + Sp; G5: 

Figure 2. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combination on
total cholesterol (TC) level in albino mice (mg/dL) at 15 and 57 days. Error bars represent SE of mean.
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At 15 days and 57 days, there was significant increase (p < 0.05) in the TC level of G5
compared to G1, G2, G3 and G4. At 15 days, there was no significant change (p < 0.05) in
TC level of G6, G7, G8 and G9 compared to G5, while the TC level of G6, G7, G8 and G9
significantly decreased (p < 0.05) compared to G5 at 57 days.
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Wang et al. [32] stated that, in rats fed on a high-fat diet, Lactobacilli reduced choles-
terol levels. The increase in fecal bile acid excretion by lactic acid bacteria may decrease
blood cholesterol [33,34]. The deconjugation of bile and binding to bile acid by lactic
acid bacteria in the small intestine has been postulated as a possible explanation for the
increased fecal excretion of bile acids [35]. Because free bile acids are expelled more quickly
than conjugated bile acids, the deconjugation of bile acids in the small intestine may re-
sult in increased bile acid excretion from the intestinal tract [36]. Jeun et al. [37] stated
that the oral administration of Lactobacillus plantarum KCTC3928 to mice increased fecal
bile–acid excretion, hepatic bile–acid production, and expression of 7-alpha-hydroxylase
(CYP7A1), the major enzyme in cholesterol catabolism and bile–acid synthesis. According
to Dvir et al. [38], Spirulina carbohydrates and dietary fibers lower cholesterol through
increasing the size of the bile acid pool and fecal steroid excretion.

3.3. Effects of Lactobacillus and Spirulina Treatment on TG Level

Hypertriglyceridemia is a common risk factor for CVD, and it is becoming more
widespread as the obesity and insulin resistance epidemics spread. High TG levels are
indicators of atherogenic lipoproteins of various sorts [39]. Figure 3 demonstrates the effect
of Lactobacilli and Spirulina on TG levels of mice fed on regular or high-cholesterol diets.
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Figure 3. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combina-
tion on triglyceride (TG) level in albino mice (mg/dl) at 15 days and at the end of experiment.
Error bars represent SE of mean. G1: regular diet (RD); G2: RD + Lp + Lc; G3: RD + Sp;
G4: RD + Lp + Lc + Sp; G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch
+ Lp + Lc + Sp; G9: Ch+ rosuvastatin. Bars with different superscript are significantly different
(p < 0.05).

At 15 days and 57 days, there was significant increase (p < 0.05) in the TG level of G5
compared to G1, G2, G3 and G4. At 15 days, there was no significant change (p < 0.05)
in TG level of G6, G7, G8 and G9 compared to G5, while TG level of G6, G7, G8 and G9
decreased significantly (p < 0.05) compared to G5 at 57 days.

Choi et al. [40] stated that L. plantarum KY1032 and L. curvatus HY7601 lowered triglyc-
erides in hypertriglyceridemic rats by upregulating the expression of ApoAV, PPARα, and
FXR. Ahn et al. [41] stated that the triglyceride-lowering effects of probiotic supplemen-
tation were related to elevated apoA-V. Mazokopakis et al. [42] stated that Spirulina had
powerful hypolipidemic effects, especially on the triglyceride concentration in dyslipi-
daemic Cretan outpatients. Han et al. [43] reported that a glycolipid derived from Spirulina
called glycolipid H-b2 inhibited pancreatic lipase activity in a dose-dependent manner and
reduced postprandial TG levels. This action is thought to be secondary to the activation
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of the AMP-activated protein kinase signaling pathway, which downregulates the expres-
sion of lipid synthesizing genes, such as sterol regulatory element-binding transcription
factor-1c, 3-hydroxy-3-methyl glutaryl coenzyme A reductase, and acetyl CoA carboxylase,
lowering TG levels and inhibiting fatty acid synthesis [31].

3.4. Effects of Lactobacillus and Spirulina Treatment on High-Density Lipoprotein Level (HDL)

The ability of HDL to collect and return excess cholesterol from peripheral tissues
to the liver, and thus the ability of its function in preventing atherosclerosis, myocardial
infarction, transient ischemic attack, and stroke, has attracted researchers’ curiosity [44].
Figure 4 demonstrates the effect of Lactobacilli and Spirulina on HDL levels of mice fed on
regular or high-cholesterol diets.
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Figure 4. The influence of L. plantarum (Lp), L. casei (Lc), S. platensis (Sp) and their combination on
high-density lipoprotein (HDL-C) level in albino mice (mg/dL) at 15 and 57 days. Error bars represent
SE of mean. G1: regular diet (RD); G2: RD + Lp + Lc; G3: RD + Sp; G4: RD + Lp + Lc + Sp; G5: high-
cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Lc + Sp; G9: Ch+ rosuvastatin.
Bars with different superscript are significantly different (p < 0.05).

At 15 days and 57 days, there was a significant decrease (p < 0.05) in HDL-C level of
G5 compared to G1, G2, G3 and G4. At 15 days, there was no significant change (p < 0.05)
in HDL-C level of G6, G7, G8 and G9 compared to G5, while the HDL-C level of G6, G7, G8
and G9 significantly increased (p < 0.05) compared to G5 at 57 days.

Chaiyasut et al. [45] stated that L. paracasei HII01 significantly increased HDL-C in
hypercholesterolemia patients. Li et al. [46] found that Spirulina given for 8 weeks in-
creased HDL-C in rats fed a high-fat diet. In the core of HDL-C, cholesterol is transferred
as cholesteryl esters. According to Ooi and Liong [47], probiotics generated a hypocholes-
terolemic impact by changing cholesteryl esters and lipoprotein transporter pathways.
Nagoka et al. [48] discovered that a new protein, C-phycocyanin, produced from Spirulina,
which contains a substantial quantity of cystine and is responsible for increasing HDL-C.

3.5. Effects of Lactobacillus and Spirulina Treatment on Low-Density Lipoprotein Level (LDL)

LDL cholesterol and Apolipoprotein B (ApoB), the major structural protein of LDL, are
both linked to an increased risk of atherosclerotic cardiovascular events (Sniderman et al.) [49].
Figure 5 demonstrates the effect of Lactobacilli and Spirulina on LDL levels of mice fed on
regular or high-cholesterol diets.

At 15 days and 57 days, there was a significant increase (p < 0.05) in LDL-C level of G5
compared to G1, G2, G3 and G4. At 15 days, there was no significant change (p < 0.05) in
the LDL-C levels of G6, G7, G8 and G9 compared to G5, while the LDL-C levels of G6, G7,
G8 and G9 significantly decreased (p < 0.05) compared to G5 at 57 days.
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lipoprotein cholesterol (LDL-C) levels in albino mice (mg/dL) at 15 and 57 days. Error bars represent
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Bars with different superscript are significantly different p < 0.05).

Wu et al. [50] stated that consuming probiotic Lactobacillus, especially L. reuteri and
L. plantarm, could significantly reduce LDL-C. The beneficial effects of probiotics are sug-
gested to be due to their ability to regulate lipid metabolism by modulating the expression
of certain genes that are involved in the lipid biosynthesis pathway [51]. Cheong et al. [52]
stated that Spirulina decreased LDL-C in rabbits fed on high-fat diets.

3.6. Complete Blood Count

Table 1 demonstrates the effect of Lactobacilli and Spirulina on the blood count of
mice fed on a regular or high-cholesterol diet.

Treatments with Lactobacillus (G2) or Spirulina (G3) or by their combination (G4)
induced a significant increase in the Hb level, MCHC level and HCT level in mice fed on
regular diet (G1) (p < 0.05). There was also a significant increase in Hb level, MCHC level
and HCT level in mice fed on high-cholesterol diet (G5). Treatments with Lactobacillus
(G6) or Spirulina (G7) or by their combination (G8) did not induce a significant effect on
these parameters (p < 0.05) in G5, while treatment with standard rosuvastatin (G9) induced
a significant decrease in these parameters in G5 (p < 0.05). All treatments did not induce
significant changes in MCH, RBC count and MCV red cell indices (p < 0.05).

Treatments with Lactobacillus (G2) or Spirulina (G3) or by their combination (G4)
induced a significant increase in the platelet count and WBC number of mice fed on a
regular diet p < 0.05). The largest increase in the previous parameters was in mice fed on
a high-cholesterol diet (G5) p < 0.05). The treatment with Lactobacillus (G6) or Spirulina
(G7) or by their combination (G8) or by standard rosuvastatin (G9) resulted in a significant
decrease in the previous parameters in mice fed on high-cholesterol diets (G5) p < 0.05).

The oral supplementations with Lactobacillus plantarum increased the levels of Hb, PCV
and RBC in Wistar albino rats [53]. Spirulina platensis improved hematological parameters in
both diabetic and non-diabetic rats [54]. Dias et al. [55] stated that the addition of probiotics
to the diet of caged matrinxã increased HCT, RBC. Korčok et al. [56] linked this finding
to the activation of the hematopoietic organs, as well as the indirect influence of some
lactic acid bacteria, such as Lactobacilli, on enhancing the bioavailability of dietary iron
through a variety of processes, including lowering intestinal pH. Pacheco et al. [57] stated
that hemolytic anemia may be a rare side effect of Atorvastatin and Lovastatin.
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Table 1. The influence of L. plantarum, L. casei, S. platensis and in their combination on complete blood count of albino mice at 15 and 57 days.

Parameter Days G1 G2 G3 G4 G5 G6 G7 G8 G9

Hb (g/dL)
15 8.5 ± 0.288 a 9.6 ± 0.23 ab 10.3 ± 0.05 bc 10.7 ± 0.12 bcd 11.5 ± 0.12 cde 11.3 ± 0.17 cde 12 ± 0.28 e 11.4 ± 0.29 cde 11.7 ± 0.12 de

57 8.9 ± 0.284 a 10.2 ± 0.12 abc 10.9 ± 0.1 bcd 11.2 ± 0.14 cd 12.1 ± 0.12 d 11.2 ± 0.18 cd 11.7 ± 0.23 d 11.3 ± 0.26 cd 9.6 ± 0.19 ab

RBC (M/µL)
15 3 ± 0.12 a 3.4 ± 0.06 ab 3.6 ± 0.05 ab 3.7 ± 0.06 ab 3.9 ± 0.06 ab 3.8 ± 0.05 b 4.2 ± 0.11 ab 3.8 ± 0.12 ab 4.1 ± 0.06 ab

57 3.2 ± 0.12 a 3.5 ± 0.06 a 3.7 ± 0.03 a 3.9 ± 0.06 a 4.16 ± 0.08 a 3.8 ± 0.08 a 4.03 ± 0.08 a 3.7 ± 0.08 a 3.4 ± 0.03 a

HCT (%)
15 26 ± 0.01 a 29.4 ± 0.01 b 31.2 ± 0.01 c 32.1 ± 0.01 cd 33.8 ± 0.01 ef 32.9 ± 0.01 cd 36.4 ± 0.01 g 33.5 ± 0.01 de 35.5 ± 0.01 fg

57 27 ± 0.01 a 30.3 ± 0.01 b 32.6 ± 0.01 c 33.8 ± 0.01 de 35.7 ± 0.01 f 33.1 ± 0.01 cde 34.9 ± 0.01 ef 32.6 ± 0.01 cd 29.7 ± 0.01 b

MCH (pg)
15 28.3 ± 0.15 a 28.3 ± 0.18 a 28.6 ± 0.32 a 28.9 ± 0.15 a 29.5 ± 0.12 a 29.7 ± 0.03 a 28.6 ± 0.12 a 29.5 ± 0.13 a 28.5 ± 0.15 a

57 28.1 ± 0.4 a 29.1 ± 0.15 ab 28.9 ± 0.01 ab 28.8 ± 0.05 ab 28.9 ± 0.27 ab 29.3 ± 0.27 ab 29.1 ± 0.08 ab 30 ± 0.26 b 28 ± 0.29 a

MCHC (g/dL)
15 32.7 ± 0.12 ab 32.5 ± 0.23 a 33 ± 0.37 ab 33.3 ± 0.17 bc 33.9 ± 0.14 c 34.2 ± 0.03 c 32.9 ± 0.08 ab 34.1 ± 0.15 c 32.9 ± 0.12 ab

57 32.3 ± 0.49 a 33.6 ± 0.17 b 33.4 ± 0.03 b 33.2 ± 0.09 b 33.6 ± 0.3 b 33.8 ± 0.32 b 33.6 ± 0.09 b 34.6 ± 0.26 c 32.4 ± 0.32 a

MCV (fL)
15 86.7 ± 0.06 a 86.7 ± 0.05 a 86.7 ± 0.05 a 86.7 ± 0.05a 86.7 ± 0.03 a 86.7 ± 0.03 a 86.6 ± 0.04 a 86.7 ± 0.08 a 86.7 ± 0.05 a

57 86.7 ± 0.06 a 86.7 ± 0.05 a 86.6 ± 0.06 a 86.6 ± 0.05 a 85.98 ± 0.04 a 86.5 ± 0.03 a 86.6 ± 0.05 a 86.6 ± 0.02 a 86.6 ± 0.08 a

WBC (×109/L)
15 5 ± 0.06 a 5.4 ± 0.12 b 5.8 ± 0.12 c 6.2 ± 0.05 d 11.8 ± 0.08 e 11.6 ± 0.1 e 12.1 ± 0.1 f 11.8 ± 0.1 e 12.1 ± 0.1 f

57 4.9 ± 0.08 a 5.6 ± 0.12 b 6 ± 0.12 c 6.3 ± 0.06 d 12 ± 0.2 i 11 ± 0.1 h 10.6 ± 0.1 g 9.2 ± 0.1 f 6.7 ± 0.1 e

Platelets (×109/L)
15 205 ± 0.9 a 217 ± 0.98 b 248 ± 0.88 c 257.66 ± 0.9 c 368 ± 0.8 d 367 ± 0.9 d 370 ± 0.9 d 368.66 ± 0.8 d 369.66 ± 0.9 d

57 204 ± 0.8 a 232 ± 0.7a 253.66 ± 0.8 ab 257.6 ± 0.89 ab 370 ± 0.8 c 335 ± 0.9 bc 309 ± 0.9 a 290.66 ± 0.8 abc 216.33 ± 0.99 a

G1: regular diet (RD); G2: RD + Lp + Lc; G3: RD + Sp; G4: RD + Lp + Lc + Sp; G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Lc + Sp; G9: Ch+ rosuvastatin.
Values are means and standard errors for 3 mice per treatment. Data in the rows with different superscripts are significantly different (p < 0.05).
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3.7. Analysis of Myeloid Cells with Flow Cytometry

Flow cytometry is an important method that allows for the delineation of specific cell
components of immune responses and disease states [58]. Monocytes and macrophages are
innate immune system cells that protect against pathogen invasion by producing cytotoxic
chemicals, such as reactive oxygen species (ROS), and secreting proinflammatory cytokines,
such as TNF- and IL-8 [59].

Treatments with Lactobacillus (G2) or Spirulina (G3) or by their combination (G4)
caused a significant increase in mature and immature neutrophils as well as monocytes in
mice fed a regular diet (G1) p < 0.05.

Most probiotics stimulate innate immune defenses (phagocytosis, pro-inflammatory
cytokines) and act positively for the duration of infectious episodes, in particular neu-
trophils, which play a key role in the immune response [60]. Watanuki et al. [14] stated
that dietary Spirulina enhanced responses of phagocytic activity responses, interleukin
(IL)-1b expression, and tumor necrosis factor (TNF)-α genes in carp. Spirulina also boosted
immunity by different mechanisms, including increasing antibody production by B cells,
inducing the activation of innate immune cells, such as monocytes and macrophages, aug-
menting interferon production by natural killer cells [61]. The immunostimulant effects of
Spirulina were mainly mediated by its polysaccharide [62].

The largest increase in mature, immature neutrophils and monocytes was recorded in
mice fed a high-cholesterol diet (G5). Hypercholesterolemia increases circulating monocyte
counts and renders these cells more prone to emigration into atherosclerotic lesions [63].

There was significant decrease in mature and immature neutrophils as well as mono-
cytes in treatments with Lactobacillus (G6) or Spirulina (G7), by their combination (G8), or
by standard rosuvastatin (G9) compared to G5 p < 0.05 (Table 2).

The improvement in lipid profile after treatments by Lactobacillus and Spirulina
explains the decreased migration of neutrophils and monocytes compared to positive
controls (G5). Lactobacillus plantarum was found to diminish pulmonary inflammation
in Klebsiella pneumoniae-infected mice, as evidenced by a decrease in macrophages and
neutrophils, as well as pro-inflammatory cytokines (KC, IL-6, and TNF-) and the blockage
of NF-B activation through an interaction with TLR [64]. Cristofori et al. [65] stated that
probiotic therapy may minimize the development of inflammatory biomarkers and the
blunt unnecessary activation of the immune system. This therapy could be used to achieve
an immune modulation without the possible risks related to living microorganisms, such
as infections in immune-deficient patients. Beneficial immune-modulatory effects are
elicited across several molecules, which include microbial cell walls, peptidoglycan, and
exopolysaccharides, through interactions with specific host cell receptors (i.e., toll-like
receptor (TLR)-2 and TLR-4) [66].

Table 2. The influence of L. plantarum, L. casei, S. platensis and in their combination on myeloid cells
in blood of albino mice.

G1 G2 G3 G4 G5 G6 G7 G8 G9

CD11b − Ly6G+ 3 ± 0.1 a 3.84 ± 0.1 b 4.74 ± 0.2 c 5.8 ± 0.1 d 14.2 ± 0.2 i 11.9 ± 0.4 h 10.5 ± 0.2 g 9.66 ± 0.1 f 7.5 ± 0.2 e

CD11b + Ly6G+ 5.1 ± 0.1 a 5.9 ± 0.1 b 6.35 ± 0.1 c 6.7 ± 0.05 d 45.2 ± 0.6 i 42.8 ± 0.9 h 41.5 ± 0.2 g 37.26 ± 0.2 f 24.2 ± 0.1
e

CD11b + Ly6G− 0.7 ± 0.04 a 0.9 ± 0.02 b 1.72 ± 0.04 c 3 ± 0.11 d 25.8 ± 0.6 i 23.8 ± 0.17 h 21.8 ± 0.3 g 20.5 ± 0.2 f 12.9 ± 0.1 e

The phenotypes of immune cells: CD11b + Ly6G+ immature neutrophil; CD11b − Ly6G+ mature neutrophil;
CD11b + Ly6G monocyte. Error bars represent SE of mean. G1: Regular diet (RD); G2: RD + Lp + Lc; G3: RD + Sp;
G4: RD + Lp + Lc + Sp; G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Lc + Sp; G9:
Ch+ rosuvastatin. Values are means and standard errors for 3 mice per treatment. Data in the rows with different
superscripts are significantly different (p < 0.05).
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3.8. Histopathological Examination
3.8.1. Effects on Heart

The microscopic examination of cardiac tissue of mice fed on high-cholesterol diets
(G5) showed moderate pathological alterations, where sub pericardium hemorrhagic areas,
together with interstitial inflammatory aggregates, were seen. Areas of cardiomyocytes
displayed degenerative changes in the form of an eosinophilic cytoplasm and pyknotic
nuclei (Figure 6a). The cardiac tissue of mice fed a high-cholesterol diet treated with
Lactobacillus (G6) displayed intact cardiomyocytes and few interstitial hemorrhagic areas in
(Figure 6b). The histological examination of cardiac tissues of mice fed on a high-cholesterol
diet treated with Spirulina (G7) showed an ameliorating effect of Spirulina on cardiac
tissues, where wide areas of intact cardiomyocytes were observed; however, lipid-laden
macrophage aggregates, together with an interstitial edema and congested vasculature,
could be seen in (Figure 6c). Cardiac tissues of mice fed on a high-cholesterol diet treated
with Lactobacillus and Spirulina (G8) displayed the most curative results, as it showed
intact cardiomyocytes (Figure 6d). Cardiac tissue of mice fed on high-cholesterol diet
treated with rosuvastatin (G9) showed marked reduction in inflammation and congestion
of vasculature (Figure 6e).

Similar findings were observed by AL-Aameli et al. [67], who stated that the cardiac
muscle layer in rats fed on regular diets was striated and arranged in a linear pattern
that branches and anatomizes in a specific model, giving the appearance of a sheet, while
cholesterol-fed rats showed signs of heart tissue damage such as myofibrillar loss, blood
vessel congestion, vacuolation, and lipid aggregation. Sadeghzadeh et al. [68] stated that
pretreatment with Lactobacillus casei considerably reduced myocardial necrosis, edema, and
the infiltration of inflammatory cells in hyperlipidemic rat models.

Fermentation 2022, 8, x FOR PEER REVIEW 12 of 20 
 

 

age of NF-B activation through an interaction with TLR [64]. Cristofori et al. [65] stated 
that probiotic therapy may minimize the development of inflammatory biomarkers and 
the blunt unnecessary activation of the immune system. This therapy could be used to 
achieve an immune modulation without the possible risks related to living microorgan-
isms, such as infections in immune-deficient patients. Beneficial immune-modulatory 
effects are elicited across several molecules, which include microbial cell walls, pepti-
doglycan, and exopolysaccharides, through interactions with specific host cell receptors 
(i.e., toll-like receptor (TLR)-2 and TLR-4) [66]. 

3.8. Histopathological Examination 
3.8.1. Effects on Heart 

The microscopic examination of cardiac tissue of mice fed on high-cholesterol diets 
(G5) showed moderate pathological alterations, where sub pericardium hemorrhagic 
areas, together with interstitial inflammatory aggregates, were seen. Areas of cardiomy-
ocytes displayed degenerative changes in the form of an eosinophilic cytoplasm and 
pyknotic nuclei (Figure 6a). The cardiac tissue of mice fed a high-cholesterol diet treated 
with Lactobacillus (G6) displayed intact cardiomyocytes and few interstitial hemorrhagic 
areas in (Figure 6b). The histological examination of cardiac tissues of mice fed on a 
high-cholesterol diet treated with Spirulina (G7) showed an ameliorating effect of Spir-
ulina on cardiac tissues, where wide areas of intact cardiomyocytes were observed; 
however, lipid-laden macrophage aggregates, together with an interstitial edema and 
congested vasculature, could be seen in (Figure 6c). Cardiac tissues of mice fed on a 
high-cholesterol diet treated with Lactobacillus and Spirulina (G8) displayed the most 
curative results, as it showed intact cardiomyocytes (Figure 6d). Cardiac tissue of mice 
fed on high-cholesterol diet treated with rosuvastatin (G9) showed marked reduction in 
inflammation and congestion of vasculature (Figure 6e). 

 
(a) 

 
(b) 

Figure 6. Cont.



Fermentation 2022, 8, 220 12 of 19Fermentation 2022, 8, x FOR PEER REVIEW 13 of 20 
 

 

 
(c) 

 
(d) 

 
(e) 

Figure 6. Histology of heart section stained with hematoxylin and eosin (original magnification 
×200) from each group: G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + 
Sp; G9: Ch + rosuvastatin. (a) G5: Section in cardiac tissue showing dilated congested blood ves-
sels, many cardiomyocytes with deeply stained cytoplasm, and pyknotic nuclei (arrow head) 
atropheid cardiomycetes (H&E. 400×). (b) G6: Section in cardiac tissue showing intact cardiomyo-
cytes and few interstitial hemorrhagic areas with pyknotic nuclei (arrowhead) (H&E. 400×). (c) G7, 
Section in cardiac tissue showing pyknotic nuclei and deeply stained cytoplasm (arrow), inflam-
matory cells infiltrate (double arrow), dilated blood capillaries (BC), edema (arrowhead) (H&E. 
400×). (d) G8: Section in cardiac tissue showing intact cardiomyocytes (arrow) (H&E. 400×). (e) G9: 
Section in cardiac tissue showing intact cardiomyocytes (arrow) with vesicular nucleus, mild 
edema in interstitial spaces (arrowhead) (H&E. 400×). 

Similar findings were observed by AL-Aameli et al. [67], who stated that the cardiac 
muscle layer in rats fed on regular diets was striated and arranged in a linear pattern that 
branches and anatomizes in a specific model, giving the appearance of a sheet, while 
cholesterol-fed rats showed signs of heart tissue damage such as myofibrillar loss, blood 
vessel congestion, vacuolation, and lipid aggregation. Sadeghzadeh et al. [68] stated that 
pretreatment with Lactobacillus casei considerably reduced myocardial necrosis, edema, 
and the infiltration of inflammatory cells in hyperlipidemic rat models. 

3.8.2. Effect on the Spleen 
The microscopic examination of splenic tissue of mice fed on high-cholesterol diets 

(G5) showed thick capsules with thick trabecular bundles of fibrosis, edema, and thick 
connective tissue, as well as an absence of demarcation between red and white pulp in 

Figure 6. Histology of heart section stained with hematoxylin and eosin (original magnification ×200)
from each group: G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Sp;
G9: Ch + rosuvastatin. (a) G5: Section in cardiac tissue showing dilated congested blood vessels,
many cardiomyocytes with deeply stained cytoplasm, and pyknotic nuclei (arrow head) atropheid
cardiomycetes (H&E. 400×). (b) G6: Section in cardiac tissue showing intact cardiomyocytes and
few interstitial hemorrhagic areas with pyknotic nuclei (arrowhead) (H&E. 400×). (c) G7, Section
in cardiac tissue showing pyknotic nuclei and deeply stained cytoplasm (arrow), inflammatory
cells infiltrate (double arrow), dilated blood capillaries (BC), edema (arrowhead) (H&E. 400×).
(d) G8: Section in cardiac tissue showing intact cardiomyocytes (arrow) (H&E. 400×). (e) G9: Section
in cardiac tissue showing intact cardiomyocytes (arrow) with vesicular nucleus, mild edema in
interstitial spaces (arrowhead) (H&E. 400×).

3.8.2. Effect on the Spleen

The microscopic examination of splenic tissue of mice fed on high-cholesterol diets
(G5) showed thick capsules with thick trabecular bundles of fibrosis, edema, and thick
connective tissue, as well as an absence of demarcation between red and white pulp in 50%
of the animals with degenerative changes in lymphocytes. Some red pulp showed atrophy,
but the white pulp contained deposited eosinophilic material (Figure 7a). In mice fed on
high-cholesterol diets treated with Lactobacillus (G6), there was a marked improvement
in the white and red pulp demarcation. However, an interstitial hemorrhage with brown
hemosiderin pigments and mild megakaryocytes occurred in 50% of cases, where very
dilated sinusoids were observed, and a compressed central vein with a thick wall and thick
trabecular were present (Figure 7b). Splenic tissue of mice fed on high-cholesterol diet
treated with Spirulina (G7) showed a normal appearance of the white and red pulp with
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thick trabecular passing through it (Figure 7c). Splenic tissue of mice fed on high-cholesterol
diet treated with Lactobacillus and Spirulina (G8) showed a normal appearance of white
pulp (wp), red pulp (Rp) and the splenic trabecula (Figure 7d). In splenic tissue of mice fed
on high cholesterol diet treated with rosuvastatin (G9), there was a demarcation between
white and red pulp, but the reduction in the white pulp size was still observed in (Figure 7e).

Naghashpour et al. [69] stated that the microscopic examination of splenic tissue of
hypercholesteremic patients revealed characteristic large histiocytes containing numerous
granules of various sizes and shapes. Some granules were electron-dense with a homo-
geneous appearance. Shokryazdan et al. [70] stated that the administration of L. buchneri
and L. fermentum HM3 to rats demonstrated a normal histological structure of spleen,
comprising of sinusoid (S), lymphocytes (L) and red blood cells (R)).

3.8.3. Effects on Aorta

Microscopic examination of aorta in mice fed on high-cholesterol diet (G5) showed fib-
rin deposits on surface of the endothelium layer of tunica intima and a marked reduction in
the thickness of tunica media (Figure 8a). Aorta of mice fed on high-cholesterol diet treated
with Lactobacillus (G6) indicated an irregular endothelium layer and the vacuolation of
tunica intima, together with pyknotic nuclei of smooth muscle and a little reduction in
thickness of tunica media in (Figure 8b). The aorta of mice fed on high-cholesterol diets
treated with Spirulina (G7) showed irregular endothelial layer in the tunica intima and the
pyknotic nuclei of smooth muscle; it had normal thickness of tunica media in (Figure 8c).
Aorta of mice fed on high-cholesterol diet treated with Lactobacillus and Spirulina (G8)
showed a normal appearance of the tunica intima, smooth muscle, and elastic lamellae
in tunica media (Figure 8d). The aorta of mice fed on high cholesterol diet treated with
rosuvastatin (G9) showed intact endothelium layer, smooth muscle and elastic lamellae in
tunica media (Figure 8e).
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homogeneous appearance. Shokryazdan et al. [70] stated that the administration of L. 
buchneri and L. fermentum HM3 to rats demonstrated a normal histological structure of 
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Figure 7. Histology of spleen section stained with hematoxylin and eosin (original magnification
×200) from each group: G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch +
Lp + Sp; G9: Ch + rosuvastatin. (a) G5: Section in splenic tissue showing degenerative changes in
the lymphocytes of the red pulp (R) and megakaryocytes (arrow) (H&E. 400×). (b) G6: Section in
splenic tissue showing interstitial hemorrhage in the splenic sinusoid with brown pigments (arrow)
(H&E. 400×). (c) G7: Section in splenic tissue showing normal appearance of white and red pulp
elements (H&E. 400×). (d) G8: Section in splenic tissue showing normal appearance of white pulp
(wp), red pulp (Rp) and the splenic trabecula (H&E. 400×). (e) G9: Section in splenic tissue showing
a reduction in the white pulp elements (H&E. 400×).

According to AL-Aameli et al. [67], the aorta of the cholesterol-fed group of rats
showed: multifocal collapse, necrosis, the disorientation of smooth muscle cells, an unequal
wall of the aorta with increased wall width, damage to normal corrugation, intermittent
endothelium in the tunica intima, and a hemorrhage in perivascular tissue (T. adventitia),
with a vacuolation in the cells of the tunica media, accumulation of adipose tissue in the
tunica adventitia, a minor increase in the thickness of the aorta wall, and partial stenosis in
the lumen of the artery. Meanwhile, the aorta of the rats in the normal control group had
a normal histological architecture and aortic thickness. The smooth intima of the typical
main artery was organized and contained endothelial cells, a normal contour, and a normal
endothelial corrugation of the intima. Inflammatory cell infiltration into the sub-endothelial
layer was not observed. Furthermore, the adventitia lacked adipocytes. T media covered a
considerable number of elastic fibers, as well as a substantial number of smooth muscle cells
with distinct nuclei. The tunica adventitia of the aorta wall of normal rats showed a normal
quantity of collagen fibers and connective tissue. Nabi et al. [71] stated that Lactobacillus
treatment decreased the intimal layer and foam cells of the aortas of hyperlipidemic rats.
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Figure 8. Histology of aortic section stained with hematoxylin and eosin (original magnification 
×200) from each group: G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + 
Sp; G9: Ch + rosuvastatin. (a) G5: Section in aorta showing fibrin deposits on surface of endothe-
lium layer of tunica intima and marked reduction in thickness of tunica media (H&E. 400×). (b) G6: 
Section in aorta showing irregular endothelium layer, and vacuolation of tunica intima together 
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elastic lamellae (two head arrow) in tunica media) (H&E. 400×). (e) G9: Section in aorta showing 
intact endothelium layer (two head arrow), smooth muscle (arrow) and elastic lamellae (arrow-
head) in tunica media (M). (H&E. 400×). 

According to AL-Aameli et al. [67], the aorta of the cholesterol-fed group of rats 
showed: multifocal collapse, necrosis, the disorientation of smooth muscle cells, an un-
equal wall of the aorta with increased wall width, damage to normal corrugation, inter-
mittent endothelium in the tunica intima, and a hemorrhage in perivascular tissue (T. 
adventitia), with a vacuolation in the cells of the tunica media, accumulation of adipose 
tissue in the tunica adventitia, a minor increase in the thickness of the aorta wall, and 
partial stenosis in the lumen of the artery. Meanwhile, the aorta of the rats in the normal 
control group had a normal histological architecture and aortic thickness. The smooth 
intima of the typical main artery was organized and contained endothelial cells, a normal 
contour, and a normal endothelial corrugation of the intima. Inflammatory cell infiltra-
tion into the sub-endothelial layer was not observed. Furthermore, the adventitia lacked 
adipocytes. T media covered a considerable number of elastic fibers, as well as a sub-
stantial number of smooth muscle cells with distinct nuclei. The tunica adventitia of the 
aorta wall of normal rats showed a normal quantity of collagen fibers and connective 
tissue. Nabi et al. [71] stated that Lactobacillus treatment decreased the intimal layer and 
foam cells of the aortas of hyperlipidemic rats. 
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In summary, the results demonstrated the synergic hypolipidemic and immuno-
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regular or high-cholesterol diet. Our findings showed that Lactobacillus spp., Spirulina, 
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immunity represented in both monocyte and neutrophil cells in mice fed regular diets, 
while reducing immunity in mice fed on high-cholesterol diets due to the reduction in the 
inflammation caused by hyperlipedimia. The beneficial effects on weight, lipid profiles 
and immunomodulation appear to occur when probiotics are consumed for 8 weeks. We 
can conclude that treatment with a combination of Lactobacillus and Spirulina has simi-
lar results to that of rosuvastatin. We propose that Lactobacillus has the capability to play 
an important role in the preparation of functional foods with health-promoting effects. 

Figure 8. Histology of aortic section stained with hematoxylin and eosin (original magnification ×200)
from each group: G5: high-cholesterol diet (Ch); G6: Ch + Lp + Lc; G7: Ch + Sp; G8: Ch + Lp + Sp; G9:
Ch + rosuvastatin. (a) G5: Section in aorta showing fibrin deposits on surface of endothelium layer of
tunica intima and marked reduction in thickness of tunica media (H&E. 400×). (b) G6: Section in
aorta showing irregular endothelium layer, and vacuolation of tunica intima together with pyknotic
nuclei of smooth muscle, as well as little reduction in thickness of tunica media (H&E. 400×). (c) G7:
Section in aorta showing multiply irregular endothelial layers in tunica intima, pyknotic nuclei of
smooth muscle and normal thickness of tunica media (H&E. 400×). (d) G8: Section in aorta showing
normal appearance of tunica intima (arrow), smooth muscle (arrow) and elastic lamellae (two head
arrow) in tunica media) (H&E. 400×). (e) G9: Section in aorta showing intact endothelium layer
(two head arrow), smooth muscle (arrow) and elastic lamellae (arrowhead) in tunica media (M).
(H&E. 400×).

4. Conclusions

In summary, the results demonstrated the synergic hypolipidemic and immunomodu-
latory activity of Lactobacillus and Spirulina platensis supplemented to mice fed a regular
or high-cholesterol diet. Our findings showed that Lactobacillus spp., Spirulina, and their
combination resulted in a significant decrease in body weight, serum cholesterol, LDL-c,
and TG, and an increase in HDL-c in both mice fed on regular or high-cholesterol diets.
Moreover, the results revealed that they also stimulated the innate immunity represented
in both monocyte and neutrophil cells in mice fed regular diets, while reducing immunity
in mice fed on high-cholesterol diets due to the reduction in the inflammation caused by
hyperlipedimia. The beneficial effects on weight, lipid profiles and immunomodulation
appear to occur when probiotics are consumed for 8 weeks. We can conclude that treatment
with a combination of Lactobacillus and Spirulina has similar results to that of rosuvastatin.
We propose that Lactobacillus has the capability to play an important role in the prepara-
tion of functional foods with health-promoting effects. Further studies are required to
investigate the hypolypedimic and immunomodulatory effects of these bacteria.

Author Contributions: R.A.H. conceptualization, writing, figure draw, statistical analysis, and re-
view; H.A.H. conceptualization, reviewing; M.L.S. upervision, methodology, reviewing; S.K. method-
ology; R.H.A. and I.A. resources; H.M. source of bacteria used; A.A. methodology, tables and
figures, writing review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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



Fermentation 2022, 8, 220 17 of 19

References
1. Mathers, C.D.; Loncar, D. Projections of global mortality and burden of disease from 2002 to 2030. PLoS Med. 2006, 3, e442.

[CrossRef] [PubMed]
2. Navar-Boggan, A.M.; Peterson, E.D.; D’Agostino, R.B.; Neely, B., Sr.; Sniderman, A.D.; Pencina, M.J. Hyperlipidemia in Early

Adulthood Increases Long-Term Risk of Coronary Heart Disease. Circulation 2015, 131, 451–458. [CrossRef] [PubMed]
3. Armitage, J. The safety of statins in clinical practice. Lancet 2007, 7, 1781.e90. [CrossRef]
4. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert

consensus document: The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef] [PubMed]

5. Wu, H.; Chiou, J. Potential Benefits of Probiotics and Prebiotics for Coronary Heart Disease and Stroke. Nutrients 2021, 13, 2878.
[CrossRef]

6. Ogunremi, O.R.; Sanni, A.I.; Agrawal, R. Hypolipidaemic and antioxidant effects of functional cereal-mix produced with probiotic
yeast in rats fed high cholesterol diet. J. Funct. Foods 2015, 17, 742.e8. [CrossRef]

7. Cerdó, T.; García-Santos, J.A.; Bermúdez, M.G.; Campoy, C. The Role of Probiotics and Prebiotics in the Prevention and Treatment
of Obesity. Nutrients 2019, 11, 635. [CrossRef]

8. Hemarajata, P.; Versalovic, J. Effects of probiotics on gut microbiota:mechanisms of intestinal immunomodulation and neuromod-
ulation. Ther. Adv. Gastroenterol. 2013, 6, 39–51. [CrossRef]

9. Vitetta, L.; Vitetta, G.; Hall, S. Immunological Tolerance and Function: Associations Between Intestinal Bacteria, Probiotics,
Prebiotics, and Phages. Front. Immunol. 2018, 9, 1–15. [CrossRef]

10. Ananya, A.K.; Kamal, K.; Ahmad, I.Z. Cyanobacteria “the blue green algae” and its novel applications: A brief review. Int. J.
Innov. Appl. Res. 2014, 7, 251–261.

11. Celekli, A.; Alslibi, Z.A.; Bozkurt, H. Use of spirulina in probiotic fermented milk products. Int. J. Adv. Sci. Technol. 2018, 6, 42–48.
12. Gyenis, B.; Szigeti, J.; Molnar, N.; Varga, L. Use of dried microalgal biomasses to stimulate acid production and growth of

Lactobacillus plantarum and Enterococcus faecium in milk. Acta Agrar. Kapos. 2005, 9, 53–59.
13. Moln´ar, N.; Gyenis, B.; Varga, L. Influence of a powdered Spirulina platensis biomass on acid production of lactococci in milk.

Milchwissenschaft 2005, 60, 380–382.
14. Watanuki, H.; Ota, K.; Malina, A.C.; Tassakka, A.R.; Kato, T.; Sakai, M. Immunostimulant effects of dietary Spirulina platensis on

carp, Cyprinus carpio. Aquaculture 2006, 258, 157–163. [CrossRef]
15. Gupta, S.; Gupta, C.; Garg, A.P.; Prakash, D. Prebiotic efficiency of blue green algae on probiotics microorganisms. J. Microbiol.

Exp. 2017, 4, 11–12. [CrossRef]
16. Hoda, M.; El-Halafawy, K.; El-Soda, M.A.E. Functionalities of Lactic Acid Bacteria Isolated from Egyptian Environment; Springer:

Berlin/Heidelberg, Germany, 2010; p. 192.
17. Zarrouk, C. Contribution a L’etude D’une Cyanobacterie: Influence de Divers Facteurs Physiques et Chimiques sur la Croissance

et la Photosynthese de Spirulina Maxima (Setchell et Gardner) Geitler. Ph.D. Thesis, University of Paris, Paris, France, 1966.
18. Kim, J.W.; Tchernyshyov, I.; Semenza, G.L.; Dang, C.V. HIF-1-mediated expression of pyruvate dehydrogenase kinase: A metabolic

switch required for cellular adaptation to hypoxia. Cell Metab. 2006, 3, 177–185. [CrossRef]
19. Osman, S.M.; Hussein, M.A. Purslane seeds fixed oil as a functional food in treatment of obesity induced by high fat diet in obese

diabetic mice. J. Nutr. Food Sci. 2015, 5, 2.
20. Fossati, P.; Prencipe, L. Serum triglycerides determined colorimetrically with an enzyme that produces hydrogen peroxide. Clin.

Chem. 1982, 28, 2077–2080. [CrossRef]
21. Deeg, R.; Ziegenohrm, J. Kinetic enzymatic method forautomated determination of total cholesterol in serum. J. Clin. Chem. 1983,

29, 1798–1802. [CrossRef]
22. Lopez, M.F.; Stone, S.; Ellis, S.; Collwell, J.A. Cholesterol determination in high density lipoproteins separated by three different

methods. Clin. Chem. 1977, 23, 882–886.
23. Friedewald, W.T.; Levy, R.I.; Frederickson, D.S. Estimation of concentration of low-density lipoprotein cholesterol in plasma,

without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 449–502. [CrossRef]
24. Bancroft, G.D.; Stevens, A.; Turner, D.R. Theory and Practice of Pathological Technique, 4th ed.; Churchill Livingston: New York, NY,

USA, 1996.
25. Shapiro, H.M. Practical Flow Cytometry, 4th ed.; Wiley-Liss: New York, NY, USA, 2003.
26. Snedcor, G.W.; Cochran, W.G. Statistical Methods, 7th ed.; The Iowa State University Press: Ames, IA, USA, 1982; p. 507.
27. Estadella, D.; Oyama, L.M.; Dâmaso, A.R.; Ribeiro, E.B.; Oller Do Nascimento, C.M. Effect of palatable hyperlipidic diet on lipid

metabolism of sedentary and exercised Rats. Nutrition 2004, 20, 218–224. [CrossRef] [PubMed]
28. Crovesy, L.; Ostrowski, M.; Ferreira, D.M.T.P.; Rosado, E.L.; Soares-Mota, M. Effect of Lactobacillus on body weight and body fat

in overweight subjects: A systematic review of randomized controlled clinical trials. Int. J. Obes. 2017, 41, 1607–1614. [CrossRef]
[PubMed]

29. Abenavoli, L.; Scarpellini, E.; Colica, C.; Boccuto, L.; Salehi, B.; Sharifi-Rad, J.; Aiello, V.; Romano, B.; De Lorenzo, A.;
Izzo, A.A.; et al. Gut Microbiota and Obesity: A Role for Probiotics. Nutrients 2019, 11, 2690. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pmed.0030442
http://www.ncbi.nlm.nih.gov/pubmed/17132052
http://doi.org/10.1161/CIRCULATIONAHA.114.012477
http://www.ncbi.nlm.nih.gov/pubmed/25623155
http://doi.org/10.1016/S0140-6736(07)60716-8
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.3390/nu13082878
http://doi.org/10.1016/j.jff.2015.06.031
http://doi.org/10.3390/nu11030635
http://doi.org/10.1177/1756283X12459294
http://doi.org/10.3389/fimmu.2018.02240
http://doi.org/10.1016/j.aquaculture.2006.05.003
http://doi.org/10.15406/jmen.2017.04.00120
http://doi.org/10.1016/j.cmet.2006.02.002
http://doi.org/10.1093/clinchem/28.10.2077
http://doi.org/10.1093/clinchem/29.10.1798
http://doi.org/10.1093/clinchem/18.6.499
http://doi.org/10.1016/j.nut.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/14962690
http://doi.org/10.1038/ijo.2017.161
http://www.ncbi.nlm.nih.gov/pubmed/28792488
http://doi.org/10.3390/nu11112690
http://www.ncbi.nlm.nih.gov/pubmed/31703257


Fermentation 2022, 8, 220 18 of 19

30. Wang, Z.-B.; Xin, S.-S.; Ding, L.-N.; Ding, W.-Y.; Hou, Y.-L.; Liu, C.-Q.; Zhang, X. The Potential Role of Probiotics in Controlling
Overweight/Obesity and Associated Metabolic Parameters in Adults: A Systematic Review and Meta-Analysis. Evid.-Based
Complement. Altern. Med. 2019, 2019, 3862971. [CrossRef]

31. DiNicolantonio, J.J.; Bhat, A.G.; OKeefe, J. Effects of spirulina on weight loss and blood lipids: A review. Open Heart 2020, 7, 1–7.
[CrossRef]

32. Wang, J.; Zhang, H.; Chen, X.; Chen, Y.; Menghebilige; Bao, Q. Selection of potential probiotic lactobacilli for cholesterol-lowering
properties and their effect on cholesterol metabolism in rats fed a high-lipid diet. J. Dairy Sci. 2011, 95, 1645–1654. [CrossRef]

33. Begley, M.; Hill, C.; Gahan, C.G. Bile salt hydrolase activity in probiotics. Appl. Environ. Microbiol. 2006, 72, 1729–1738. [CrossRef]
34. Lambert, J.M.; Bongers, R.S.; de Vos, W.M.; Kleerebezem, M. Functional analysis of four bile salt hydrolase and penicillin acylase

family members in Lactobacillus plantarum WCFS1. Appl. Environ. Microbiol. 2008, 74, 4719–4726. [CrossRef]
35. Tabuchi, M.; Tamura, A.; Yamada, T.; Ishida, T.; Hosoda, M.; Hosono, A. Hypocholesterolemic effects of viable and heat-sterilized

cells of Lactobacillus GG in rats fed a high-cholesterol diet. Milchwissenschaft 2004, 59, 249–253.
36. Jones, M.L.; Chen, H.; Ouyang, W.; Metz, T.; Prakash, S. Microencapsulated genetically engineered Lactobacillus plantarum 80

(pCBH1) for bile acid deconjugation and its implication in lowering cholesterol. J. Biomed. Biotechnol. 2004, 2004, 61–69. [CrossRef]
37. Jeun, J.; Kim, S.; Cho, S.Y.; Jun, H.J.; Park, H.J.; Seo, J.G. Hypocholesterolemic effects of Lactobacillus plantarum KCTC3928 by

increased bile acid excretion in C57BL/6 mice. Nutrition 2010, 26, 321–330. [CrossRef] [PubMed]
38. Dvir, I.; Chayoth, R.; Shany, S.; Stark, A.H.; Arad, S.M. Soluble poysacharides and biomass of red microalgae porphorydium

species alter intestinal morphology and reduce serum cholesterol in rats. Br. J. Nutr. 2000, 48, 469–476. [CrossRef]
39. Talayero, B.G.; Sacks, F.M. The Role of Triglycerides in Atherosclerosis. Curr. Cardiol. Rep. 2011, 13, 544–552. [CrossRef] [PubMed]
40. Choi, I.D.; Kim, S.-H.; Jeong, J.-W.; Lee, D.E.; Huh, C.-S.; Sim, J.-H.; Ahn, Y.-T. Triglyceride-Lowering Effects of Two Probiotics,

Lactobacillus plantarum KY1032 and Lactobacillus curvatus HY7601, in a Rat Model of High-Fat Diet-Induced Hypertriglyceridemia.
J. Microbiol. Biotechnol. 2016, 26, 483–487. [CrossRef] [PubMed]

41. Ahn, H.Y.; Kim, M.; Ahn, Y.T.; Sim, J.H.; Choi, I.D.; Lee, S.H.; Lee, J.H. The triglyceride-lowering effect of supplementation
with dual probiotic strains, Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032: Reduction of fasting plasma
lysophosphatidyl cholines in nondiabetic and hypertriglyceridemic subjects. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 724–733.
[CrossRef] [PubMed]

42. Mazokopakis, E.E.; Starakis, I.K.; Papadomanolaki, M.G.; Mavroeidi, N.K.; Ganotakis, E.S. The hypolipidaemic effects of Spirulina
(Arthrospira platensis) supplementation in a Cretan population: A prospective study. J. Sci. Food Agric. 2014, 94, 432–437. [CrossRef]
[PubMed]

43. Han, L.K.; Li, D.X.; Xiang, L.; Gong, X.J.; Kondo, Y.; Suzuki, I. Isolation of pancreatic lipase activity-inhibitory component of
Spirulina platensis and it reduce postprandial triacylglycerolemia. Yakugaku Zasshi 2006, 126, 43–49. [CrossRef]

44. Franczyk, B.; Rysz, J.; Ławinski, J.; Rysz-Górzynska, M.; Gluba-Brzózka, A. Is a High HDL-Cholesterol Level Always Beneficial?
Biomedicines 2021, 9, 1083. [CrossRef]

45. Chaiyasut, C.; Tirawat, Y.; Kesika, P.; Thangalee, S.; Peerajan, S.; Chaiyasut, K.; Sittiprapaporn, P. Effect of Lactobacillus paracasei
HII01 supplementation on total cholesterol, and on the parameters of lipid and carbohydrate metabolism, oxidative stress,
inflammation and digestion in Thai hypercholesterolemic subjects. Appl. Sci. 2021, 11, 4333. [CrossRef]

46. Li, T.-T.; Liu, Y.-Y.; Wan, X.-Z.; Huang, Z.-R.; Liu, B.; Zhao, C. Regulatory Efficacy of the Polyunsaturated Fatty Acids from
Microalgae Spirulina platensis on Lipid Metabolism and Gut Microbiota in High- Fat Diet Rats. Int. J. Mol. Sci. 2018, 19, 3075.
[CrossRef] [PubMed]

47. Ooi, L.-G.; Liong, M.-T. Cholesterol-Lowering Effects of Probiotics and Prebiotics:A Review of in Vivo and in Vitro Findings. Int.
J. Mol. Sci. 2010, 11, 2499–2522. [CrossRef] [PubMed]

48. Nagaoka, S.; Shimizu, K.; Kaneko, H.; Shibayama, F.; Morikawa, K.; Kanamaru, Y.; Hirahashi, T.; Kato, T. A novel protein
C-phycocyanin plays a crucial role in the hypocholesterolemic action of Spirulina platensis concentrate in rat. J. Nutr. 2005, 135,
2425–2430. [CrossRef] [PubMed]

49. Sniderman, A.D.; Thanassoulis, G.T.; Navar, A.M.; Pencina, M.; Catapano, A.; Ference, B.A. Apolipoprotein B Particles and
Cardiovascular Disease: A Narrative Review. JAMA Cardiol. 2019, 4, 1287–1295. [CrossRef]

50. Wu, Y.; Zhang, Q.; Ren, Y.; Ruan, Z. Effect of probiotic Lactobacillus on lipid profile: A systematic review and meta-analysis of
randomized, controlled trials. PLoS ONE 2017, 8, e0178868. [CrossRef]

51. Tamtaji, O.R.; Kouchaki, E.; Salami, M.; Aghadavod, E.; Akbari, E.; Tajabadi-Ebrahimi, M.; Asemi, Z. The effects of probiotic
supplementation on gene expression related to inflammation, insulin, and lipids in patients with multiple sclerosis: A randomized,
double-blind, placebo-controlled trial. J. Am. Coll. Nutr. 2017, 36, 660–665. [CrossRef] [PubMed]

52. Cheong, S.-H.; Kim, M.Y.; Sok, D.E. Spirulina Prevents Atherosclerosis by Reducing Hypercholesterolemia in Rabbits Fed a
High-Cholesterol Diet. J. Nut. Sci. Vita. 2010, 56, 34–40. [CrossRef]

53. Aboderin, F.I.; Oyetayo, V.O. Haematological Studies of Rats Fed Different Doses of Probiotic, Lactobacillus plantarum, Isolated
from Fermenting Corn Slurry. Pak. J. Nutr. 2006, 5, 102–105.

54. Nasirian, F.; Mesbahzadeh, B.; Maleki, S.A.; Mogharnasi, M.; Kor, N.M. The effects of oral supplementation of Spirulina platensis
microalgae on hematological parameters in streptozotocin-induced diabetic rats. Am. J. Transl. Res. 2017, 9, 5238.

http://doi.org/10.1155/2019/3862971
http://doi.org/10.1136/openhrt-2018-001003
http://doi.org/10.3168/jds.2011-4768
http://doi.org/10.1128/AEM.72.3.1729-1738.2006
http://doi.org/10.1128/AEM.00137-08
http://doi.org/10.1155/S1110724304307011
http://doi.org/10.1016/j.nut.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19695834
http://doi.org/10.1017/S000711450000177X
http://doi.org/10.1007/s11886-011-0220-3
http://www.ncbi.nlm.nih.gov/pubmed/21968696
http://doi.org/10.4014/jmb.1512.12018
http://www.ncbi.nlm.nih.gov/pubmed/26699746
http://doi.org/10.1016/j.numecd.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26044516
http://doi.org/10.1002/jsfa.6261
http://www.ncbi.nlm.nih.gov/pubmed/23754631
http://doi.org/10.1248/yakushi.126.43
http://doi.org/10.3390/biomedicines9091083
http://doi.org/10.3390/app11104333
http://doi.org/10.3390/ijms19103075
http://www.ncbi.nlm.nih.gov/pubmed/30304774
http://doi.org/10.3390/ijms11062499
http://www.ncbi.nlm.nih.gov/pubmed/20640165
http://doi.org/10.1093/jn/135.10.2425
http://www.ncbi.nlm.nih.gov/pubmed/16177207
http://doi.org/10.1001/jamacardio.2019.3780
http://doi.org/10.1371/journal.pone.0178868
http://doi.org/10.1080/07315724.2017.1347074
http://www.ncbi.nlm.nih.gov/pubmed/28922099
http://doi.org/10.3177/jnsv.56.34


Fermentation 2022, 8, 220 19 of 19

55. Dias, D.C.; Tachibana, L.; Iwashita, M.K.P.I.; Nakandakare, I.B.; Romagosa, E.; Seriani, R.; Ranzani-Paiva, M.J.T. Probiotic
supplementation causes hematological changes and improves non-specific immunity in Brycon amazonicus. Acta Sci. Biol. Sci.
2020, 42, e52473. [CrossRef]
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