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pathophysiology of high fat 
diet induced obesity: impact 
of probiotic banana juice on obesity 
associated complications 
and hepatosteatosis
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Janardhan Yadav Egi6, Anthony Johnson Antony Masilamani7, Lakshmi Bestha8, 
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Bindu Prasuna Aloor11, Sridevi Tirumalaraju12, Ankanna Sade13, Venkata Ratnam Kamsala11, 
Sreeharsha nagaraja14, Ranjani Ramakrishnan15 & Vijayakumar Natesan16,17*

the high fat diet alters intestinal microbiota due to increased intestinal permeability and susceptibility 
to microbial antigens leads to metabolic endotoxemia. But probiotic juices reported for various health 
benefits. In this background we hypothesized that pectinase treated probiotic banana juice has diverse 
effects on HFD induced obesity and non-alcoholic steatohepatitis. 20 weeks fed HFD successfully 
induced obesity and its associated complications in experimental rats. the supplementation of 
probiotic banana juice for 5 months at a dose of 5 mL/kg bw/day resulted significant decrease (p < 0.05) 
in body weight (380 ± 0.34), total fat (72 ± 0.8), fat percentage (17 ± 0.07) and fat free mass (165 ± 0.02). 
Reduction (p < 0.05) in insulin resistance (5.20 ± 0.03), lipid profile (TC 120 ± 0.05; TG 160 ± 0.24; HDL 
38 ± 0.03), liver lipid peroxidation (0.7 ± 0.01), hepatic enzyme markers (AST 82 ± 0.06; ALT 78 ± 0.34; 
ALP 42 ± 0.22), and hepatic steatosis by increasing liver antioxidant potential (CAT 1.4 ± 0.30; GSH 
1.04 ± 0.04; SOD 0.82 ± 0.22) with normal hepatic triglycerides (15 ± 0.02) and glycogen (0.022 ± 0.15) 
contents and also showed normal liver size, less accumulation of lipid droplets with only a few 
congestion. it is concluded that the increased intestinal S. cerevisiae yeast can switch anti-obesity, 
antidiabetic, antioxidative stress, antioxidant and anti-hepatosteatosis effect. This study results will 
have significant implications for treatment of NAFLD.
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Abbreviations
HFD  High fat diet
OGTT   Oral glucose tolerance test
NAFLD  Nonalcoholic fatty liver disease
T2DM  Type 2 diabetes mellitus
NASH  Non-alcoholic steatohepatitis
HCC  Hepatocellular carcinoma
CVD  Cardiovascular diseases
GI  Gastrointestinal tract
SSF  Solid state fermentation
SMF  Sub-merged fermentation
PPBJ  Pectinase treated probiotic banana juice
BFPP  Banana fruit peel powder
PGA  Polygalacturonase
PL  Pectin lyase
ORL  Orlistat
TOBEC  Total body electrical conductivity
OGTT   Oral glucose tolerance test
HbA1c  Glycosylated haemoglobin
HOMA-IR  Homeostasis model assessment of insulin resistance
ALT  Alanine transaminase
AST  Aspartate transaminase
ALP  Alkaline phosphatase
LPO  Lipid peroxidation
TBARS  Thiobarbituric acid reactive substances
MDA  Malondialdehyde
CAT   Catalase
SOD  Superoxide dismutase
GSH  Reduced glutathione
SEM  Scanning electron microscope

Nutritionally probiotic foods are non pathogenic live microorganisms with high nutritive values, when consume 
adequately, confer health benefits to the host in various physiological functions; especially contribute to the health 
of gut  microbiota1. Right now obesity or overweight is the most frequently encountered metabolic disease among 
the adults. High energy intake and less expenditure results obesity which shows impact on several metabolic and 
chronic disorders which includes insulin resistance, type 2 diabetes, hyperinsulinemia, hyperglycemia, hypertri-
glyceridemia, cardiovascular disease, hypertension, dyslipidemia, cancer, obstructive sleep apnoea, hyperurice-
mia, arthritis, and  depression2. In obesity pro-inflammatory chemicals which released from the accumulated 
abdominal fat and make the body less sensitive to the insulin and disrupt the function of insulin responsive cells, 
known as insulin resistance which leads to oxidative stress, often linked to the development of  T2D3.

In later stages, the oxidative stress induced by obesity involves in the pathogenesis of insulin resistance and 
accumulation of triglycerides (TG) in cytoplasm of the hepatocytes leads to pathogenesis of hepatic steatosis 
(fatty liver) without consumption of alcohol leads to non alcoholic fatty liver disease (NAFLD) or non-alcoholic 
steatohepatitis (NASH) which leads to fibrosis with an evolutionary course in cirrhosis and hepatocellular carci-
noma (HCC)4. NAFLD is characterized by excess triglyceride (TG) deposition in the hepatocytes which mainly 
observed in subjects who fed on high-fat diets (HFDs) and significantly allied with a greater risk of insulin resist-
ance, type 2 diabetes mellitus (T2DM) and cardiovascular diseases (CVD) and finally leads to liver  dysfunction5. 
At present there is no pharmacological therapy for NAFLD or NASH. So, the management and treatment of 
NAFLD is a challenge. Recent experimental reports demonstrated that, the beneficial preventive effects of some 
non-pathogenic living microorganism strains like bacteria, yeasts on obesity by triggering immune responses 
not just in the gastrointestinal tract (GI) but throughout the body by mediating the stress  responses6,7.

So, the probiotic food with natural non-pathogenic live microorganisms mediates stress responses gener-
ated by obesity and handle blood sugars  better8. It is reported that intestinal microbial flora can influence health 
benefits by immunostimulation, improved digestion, absorption, inhibition of the growth of potential pathogens, 
cholesterol reduction, and vitamin  synthesis9. The maintenance and controlling the microbial floral balance in the 
intestine achieved by supplementation of fermented probiotics is the best thought which affects lifestyle-related 
 ailments10. Traditionally the banana fruit, Musa paradisiaca used for better digestion, diarrhoea, dysentery, intes-
tinal lesions in ulcerative colitis, sprue, uremia, nephritis, gout, lower blood pressure, cardiac disease, stronger 
 bones11. But, banana peels are considered as a waste, thrown without use. In fact, banana peels are nutritionally 
good source for fiber, magnesium, potassium, calcium, iron, vitamin B6, vitamin C, omega fatty acids, resistant 
starch, proteins, antioxidants, oxalates, phytates, saponins and also a good source of other types of fiber, such as 
pectin which is water-soluble. But, it is reported that pectinase enzymes are mostly produced from yeast cultures 
by using pectin as a substrate in sub-merged fermentation (SMF) techniques. Banana peel contains 35% weight 
of total banana fruit with a very much useful in production of valuable fermented  products12,13.

Thus, in this study we investigated the effects of Saccharomyces cerevisiae probiotic yeast fermented from 
pectinase treated probiotic banana juice (PPBJ) on obesity induced by high fat diet (HFD) for 20 weeks which 
prone to develop hyperglycemia, hyperinsulinemia, hyperleptinemia, hypertriglyceridemia and hepatic steatosis. 
Finally, described the action of PPBJ in prevention and management of the obesity induced insulin resistance, 
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type 2 diabetes (T2D), anti-oxidative stress with antioxidant activity and anti-hepatic steatosis effect by the 
modulation of intestinal microbiota with pectinase treated probiotic banana juice.

Materials and methods
Source of banana peels wastes. Musa paradisiaca (Robusta-AAA) banana variety was used for our 
experiment. The ripened banana peels wastes were collected from the local market and used within 24 h after 
collection. It was washed to remove the dust particles and shade dried in open air for 24 h later dried at 50 °C 
in a hot air oven until constant weight. The dry peels were milled for fine powders by using grinder and passed 
through 230 mesh (0.0024 inches, 63 microns) sieves to obtain banana peel powder and then the powder steri-
lized in UV irradiation for 1 h. The banana fruit peel powder (BFPP) was stored in clapped glass bottles and kept 
under refrigeration at 4 °C until use.

pectin extraction from banana peels and estimation. 20 g of banana peels powder was weighed and 
mixed with double distilled water in 1:1.5 w/v ratios. The homogenate was acidified with lime juice and adjust 
the pH 2–2.5. The homogenate was autoclaved at 80 °C for 15 min. The mixture was cooled and filtered over 
cheese cloth, further filtration followed by Whatman filter of under vacuum. Then the filtrate was treated with 
isopropanol in the ratio of 1:1 to precipitate the pectin and kept on refrigerator for overnight. Subsequently, the 
mixture was allowed for centrifugation at 2000 rpm for 10 min. The residue was collected as pectin and dried at 
48 °C for further use. The pectin content was determined using carbazole  method14. Dried and ground banana 
peels were analyzed for moisture, non-reducing sugars, protein, cellulose, and  lignin15. Reducing sugar concen-
tration was estimated by using the dinitrosalicylic (DNS) acid  method16. This mixture is then used as substrate 
or fermentation medium.

Yeast strains. The starter pure culture of Saccharomyces cerevisiae yeast strains were isolated from fruit 
waste industries in lyophilized form by the method of  Brooks17. The pure culture of yeast strains of S. cerevisiae 
grown at 37 °C for 24 h in YPD broth and was used as inoculum (3 × 106 cells/mL). Probiotic yeast strains were 
maintained separately in sterile YPD medium (Sigma) broth at 37 °C for 4 h, and then refrigerated at 4 °C. Sub-
culturing was carried out for every 10 days.

Inoculum size. The different inoculums size varies such as 2.5 ml, 5 ml, 7.5 ml and 10 ml of activated culture 
of S. cerevisiae was inoculated in a flask containing fermentation medium and pH 7.0 was adjusted by using 1 M 
NaOH. The strain was grown for 24 h in 250 mL Erlenmeyer flask containing 100 mL of liquid medium. Suf-
ficient aeration was provided by agitation at 150 rpm at 30 °C.

Production of pectinase enzyme by sub-merged fermentation (SMF). The pectinase enzyme was 
produced by SMF method which was carried out in a medium composed of dried and ground banana peel (5% 
w/v),  MgSO4 (0.03% w/v),  (NH4)2SO4 (1% w/v), urea (0.15% w/v),  FeSO4 (0.02% w/v),  KH2PO4 (0.3% w/v), 
peptone (0.1% w/v), and distilled water (100 mL) in erlenmeyer flask (250 mL). The initial pH was maintained 
at pH 7.0 and flasks were sterilized at 121 °C for 15 min and inoculated with 2 × 107 spores/mL. Then the cul-
tured flasks were incubated at 30 °C for 5 d in a shaking condition (150 rpm) in rotary shaker. After incubation 
time period the samples were kept for filtration at regular intervals. The resultant culture filtrate was used as the 
enzyme source and stored at 4 °C for further  analysis18.

Enzyme assays for polygalacturonase (PGA) and pectin lyase (PL). The activity of PGA was ana-
lysed by measuring the released reducing groups from the substrate (Banana peel). The reaction combination 
having 0.3 mL crude enzyme sample added to 1 mL of 1% of pectin substrate and 0.7 mL of 0.1 M acetate buffer 
(pH 4.5). The samples were incubated at 40  °C for 30 min. The reduced sugars were analysed through DNS 
procedure by Miller, 1959 using galacturonic acid as standard (Sigma, USA). One unit of PGA activity (U) was 
determined as the amount of the enzyme that liberates 1 μM of galacturonic acid per min.

The activity of pectin lyase (PL) was analyzed spectrophotometrically by measuring absorbance at 235 nm. 
The reaction solution contains 1 mL of 0.5% pectin (Himedia) dissolved in 0.1 M citrate phosphate buffer of 
pH 6.0, and 100 μL of crude enzyme was added to this substrate. The increase in absorbance was measured at 
235 nm for 1–10 min at 25 °C. One unit of enzyme activity (U) was defined as the amount of enzyme which 
releases 1 μM of unsaturated uronide per min, based on molar extinction coefficient (5.55 × 103) of the unsatu-
rated  product19. Total soluble protein in the culture filtrate was estimated by the method of  Lowry20 using BSA 
as a standard (Himedia, India).

Effect of pH, temperature, and incubation time on enzyme production. The impact of the initial 
pH of the medium on enzyme production by S. cerevisiae in SMF method was investigated by altering the pH 
of the salt solution with 1.0 N HCl/1.0 N NaOH in a range of pH 3.0–9.0 in one-unit increments. The impact of 
temperature on enzyme production by S. cerevisiae in SMF method was investigated by incubating the inocu-
lated flasks at different temperature conditions such as 20, 25, 30, 35, 40, and 45 °C. The influence of incubation 
time on enzyme production by S. cerevisiae in SMF method determined by incubating the inoculated flasks for 
1–8 d. Finally, the enzyme activities were estimated for every 24 h.

Scanning electron microscopy (SEM) analysis of banana peel. The banana peels of Musa paradi-
siaca (Robusta- AAA) were treated with an isolated crude enzyme to study the degradation of pectin present 
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in the cell wall. The control and treated banana peels were examined under SEM. Before SEM analysis the fresh 
banana peels were washed, pulp was removed and peels were air dried. The dried banana peels were cut into 
small pieces of 10 × 20 mm in size and treated with 1 mL of isolated crude enzyme by incubating for 1 h but the 
control pieces were not treated with the enzyme. Both the control and treated samples were transferred into 
vials and fixed with 4% glutaraldehyde in 0.05 M phosphate buffer (pH 7.2) for 24 h at 4 °C. The samples were 
dehydrated in different series of graded alcohol and dried to a critical point with electron microscopy science 
CPD unit. Then dried samples were mounted over the stubs with double-sided conductivity tape. Finally, a thin 
layer of platinum was applied over the sample using an automated sputter coater (JEOL JFC-1600) for 90 s, and 
the samples were scanned under SEM (JEOL-JSM 5600) at various  magnifications21,22.

Effect of temperature on cloudiness of banana juice. Musa paradisiaca (Robusta- AAA) banana 
pulp was obtained from the fruit products. The banana juice was extracted by passing through a cheese cloth 
and for comparison 20 mL of banana fruit juice and 0.1% (w/v) each of crude and commercial pectinase solu-
tions were added separately and incubated at various temperatures of 20 °C, 25, 30, 35, 40, 45, and 50 °C for 
1 h (Bio-Tropicase, Biocon, Bangalore, India, specific activity 228 IU/mL). The mixture was heated on a boiling 
water bath and centrifuged at 805 × g and the transmittance (%T) of the supernatants of both enzyme treatments 
were measured at 650  nm23.

estimation of banana juice clarity. For 10 mL of banana juice, 0.1% (v/v) each of isolated and com-
mercial enzymes (Bio-Tropicase) was added in two separate test tubes and kept for incubation at 35  °C for 
60–300 min. Over the incubation time, the mixtures were centrifuged at 805 × g and the transmittance (%T) of 
the supernatants was measured at 650 nm. The total content of the pectin present in juice determined by estimat-
ing the anhydrogalacturonic acid of the solution using carbazole  method14.

Rat model. Albino wistar male rats weighing 180 ± 10  g were used and maintained at temperature (20–
24  °C), 12  h light and 12  h dark cycle with relative air humidity 50%. The food and water provided timely 
throughout the experiment. Animal experiment was performed according to the animal ethical guidelines fol-
lowed by the Institutional Animal Ethics Committee (IAEC).

High fat diet composition (40% fat). High fat diet (HFD) composition formulated as 40 g Fat (Beef thal-
low), 18 g Starch, 13 g Cellulose, 3.4 g Cysteine, 0.3 g Choline chloride, 22 g casein, 1.5 g mineral mix and 1.8 g 
vitamin mix. The HFD diet was prepared by using above ingredients available in the market.

Animal experiment design. Albino Wistar rats male weighing 180 ± 10 g were randomly divided into 5 
groups of 6 rats each; (n = 6).

Group 1: Control rats (C).
Group 2: Control rats treated with Pectinase treated Probiotic Banana Juice (C + PPBJ).
Group 3: High fat diet fed obese rats (HFD).
Group 4: High fat diet rats treated with pectinase treated probiotic banana juice (HFD + PPBJ).
Group 5: High fat diet fed rats treated with Orlistat (HFD + ORL).
Control rats (G-1) received a standard pellet diet alone. Control treated rats (G-2) orally supplemented with 

pectinase treated probiotic banana juice 5 mL/Kg bw (C + PPBJ). HFD obese control rats (G-3) received HFD 
alone (HFD). HFD fed obese rats (G-4) treated with pectinase treated probiotic banana Juice 5 ml/kg bw/day 
(HFD + PPBJ), and HFD fed obese rats (G-5) treated with Orlistat an anti-obesity standard drug 10 mg /Kg bw 
(HFD + ORL).

Food intake, body weights and body composition. Food intakes of all groups of rats were recorded 
every day for 20 weeks. The body weights of all animals were recorded once in a week up to end of the study. 
Body composition for total fat, lean body mass, fat percentages and fat free mass were determined.

Biochemical analysis. Measurement of glucose, glycosylated haemoglobin (HbA1c), leptin, and adiponec-
tin. Fasting blood sugar estimated by glucose oxidase–peroxidase  method24, Glycosylated hemoglobin 
(HbA1c)25, Leptin and  adiponectin26,27.

Insulin resistance (IR). Plasma IR was determined by homeostasis model assessment. Homeostasis model 
assessment of insulin resistance (HOMA-IR) and β-cell function (HOMA-β) were calculated from fasting glu-
cose and insulin values by using following  formulae28,29.

Oral glucose tolerance test (OGTT). The OGTT was performed at the end of the experiment (end of 
20 weeks) after overnight fasting animals. Glucose was administered (2 g/Kg bw) intraorally to all animals using 
a oral gavage needle. G-2 and G-4 rats administered with PPBJ and G-5 treated with Orlistat a standard antiobes-
ity drug. Control rats (G-1) fed with distilled water alone. The blood samples collected from the tail veins of all 

HOMA − IR =

[

fasting glucose(mmol/L)× fasting insulin (uIU/mL)
]

/22.5;

HOMA − β =

[

20× fasting insulin(uIU/mL)
]

/
[

fasting glucose (mmol/L)− 3.5
]

.
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groups of the rats from 0 to 120 min at every 30 min of the time interval. The blood sugar levels determined 
by using dextrostix with a basic one-touch accu-chek glucometer, OGTT performed according to the standard 
 method30.

Finally, after 20 weeks of treatment, the rats were kept for overnight fasting. The blood was drawn from all the 
5 groups’ animals and sacrificed by cervical dislocation. Blood was processed and plasma used for biochemical 
parameters. The organs like liver, kidney, muscle, heart, pancreas and adipose were collected and stored imme-
diately at − 80 °C for further examinations. Among the tissue samples, liver tissue was used for histopathological 
analysis for Non-Alcoholic Steatohepatitis (NASH) determinations.

Lipid metabolism. Plasma total cholesterol (TC)31. Triglycerides (TG)32 and high density lipoprotein cho-
lesterol (HDL-C)33 were measured according to the manufacturer instructions of commercial kits.

HFD induced obesity and liver damage. Obesity induced by feeding rats with 40% high fat diet for 
20 weeks. HFD feed for long time causes oxidative stress which generates free radicals involved in lipid peroxi-
dation leads to chronic hepatitis due to acute liver failure, hepatotoxicity and liver injury assessed by the deter-
mination of liver functional marker enzymes and characterized by the accumulation of lipid droplets within the 
hepatocytes which cause non-alcoholic fatty liver (hepatic steatosis).

Liver marker enzymes. Liver injury was assessed by the determination of the serum enzymatic levels of 
Alanine transaminase (ALT), Aspartate transaminase (AST) were measured by enzymatic  methods34. Alkaline 
phosphatase (ALP) was measured by P-Nitro Phenyl Phosphate  method35.

TBARS assay for oxidative stress in liver tissue (Lipid peroxidation). Liver tissues homogenized 
with phosphate buffer pH 7.4 at 1:9 (w/v, tissue & buffer). The homogenates centrifuged at 2500 rpm for 10 min 
and the supernatants used for the subsequent determinations. The oxidative degradation of lipids in liver esti-
mated by measuring the concentration of thiobarbituric acid reactive substances (TBARS) which express regard-
ing malondialdehyde (MDA) content in tissues assessed as an index of lipid  peroxidation36.

Antioxidant enzymes activities in liver homogenates. The activities of Superoxide  dismutase 
(SOD)37, Catalase (CAT)38, and Reduced glutathione (GSH)39 were measured in liver homogenates.

Hepatic triglycerides and glycogen quantification. Liver TG’s extracted from a piece of 100 mg fresh 
liver mixed with a mixture of chloroform, methanol and dis.  H2O in the ratio of 2:1:0.6 v/v in a high-speed 
homogeniser then centrifuged at 7000 × g, 15 min. The formed clot was mixed with a freshly prepared solution of 
chloroform-Triton (X100, 2%), evaporated at 55 °C and diluted with double distilled water. TG’s were estimated 
by using TG quantification kit according to the manufacturer’s guidelines (Abcam, Paris, France). Samples read 
at 550 nm and the concentrations were expressed in nmol/mg of liver. Liver glycogen content extraction was 
performed on 100 mg of fresh liver piece and expressed in mg of liver/mg of  glycogen40.

Histopathological analysis. The liver histopathological changes were assessed by hematoxylin and eosin 
staining (H&E). The liver specimens from all groups were fixed in 10% formalin solution and processed for par-
affin embedding. 5 μm thick liver sections were produced and stained with H&E to evaluate the morphology and 
to verify changes of hepatic cells. Histopathological features of the slices were observed using a light microscope.

Statistical analysis of biological data. Values were represented as mean ± SEM, and ‘n’ indicates the 
number of rats. The statistical significance compared to their respective controls ***p < 0.001; **p < 0.01; *p < 0.05. 
Statistical comparison made using one way ANOVA.

ethical approval. All animal procedures were followed according to institutional ethics committee and 
were approved by the Animal Ethical Committee of Annamalai University.

Results
Pectin extraction from banana peels, substrate preparation, and yeast strains culture main-
tenance. Musa paradisiaca (Robusta- AAA) variety of banana peels were collected, dried, milled to fine 
powders and pectin was extracted. The content of pectin extracted from dried banana peel powder was 25%, 
w/w. The composition of dried banana peels shown in Table 1. The pectin extracted banana peels powder used 
as a substrate for pectinase enzyme production by using S. Cerevisiae sub culture in sub-merged fermentation 
(SMF) method.

SMF method for better production of polygalacturonase (PGA) and pectin lyase (PL). S. cer-
evisiae was cultured by using the method of sub-merged fermentation (SMF) for the better production of PGA 
and PL for comparing the efficacy of enzyme production. Shade dried and ground banana peels were used as a 
substrate for fermentation. The enzymes production of both PGA and PL were higher in SMF. Higher produc-
tion of pectinase is due to less catabolic repression.
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Effect of pH on the production of PGA and PL. The initial pH in the medium varied from pH 3.0 to 9.0 
for determining the effect of pH for the production of PGA and PL by S. cerevisiae in SMF. PGA production was 
more at pH 5.0 (Fig. 1A). There was low production of PGA activity at pH 3.0, and PGA activity declined further 
with an increase in pH 6.0 to 9.0. PL activity was more at pH 6.0 (Fig. 1B). PL activity was low at pH 4.0 and 
declined further with an increase in pH 7.0 to pH 9.0. In addition, the production of enzymes is also dependent 
on the pH of the medium. It was observed that pectinases produced have more stable properties, had broader 
pH profiles of enzyme activities.

Table 1.  The composition of dried banana peel. *On dry weight basis (total solids = 80 ± 0.03). Mean ± SE 
values (n = 3).

Constituents (%)* Dried peel

Pectin 25.0 ± 0.07

Moisture 14.0 ± 0.02

Reducing sugars 30.0 ± 0.32

Non-reducing sugars 3.0 ± 0.26

Protein 6.0 ± 0.03

Cellulose and lignin 22.0 ± 0.15

Figure 1.  Effect of pH, temperature and incubation time on PGA and PL production in SMF method. (A) 
pH on PGA production. (B) pH on PL production. (C) Temperature on PGA production. (D) Temperature 
on PL production. (E) Incubation time on PGA production and. (F) Incubation time on PL production. PGA 
polygalacturonase; PL pectin lyase; SMF sub-merged fermentation. Data was presented as mean ± SEM (n = 3).
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Effect of temperature on the production of PGA and PL. The effects of temperature on the produc-
tion of PGA and PL by S. cerevisiae were carried out under different temperature conditions. The temperature 
conditions varied from 10  °C to 50  °C. The enzyme activity was low at 10  °C but the maximal activity was 
observed at 40 °C for both PGA (Fig. 1C) and PL (Fig. 1D). The enzyme activities were comparatively less at 
10 °C and 50 °C. The lower temperature slows down the hydrolysis of pectin.

Incubation time effect on the production of PGA and PL. The optimum incubation time required 
for the production of PGA and PL by S. cerevisiae is investigated. The Sub-Merged Fermentation (SMF) method 
was applied for 240 h, and the activities of enzymes were determined for every 24 h. In our study PGA achieved 
its maximum activity at 144 h (Fig. 1E). But, PL attained its maximal activity was at 120 h (Fig. 1F). There was 
very less activity was observed for both PGA and PL during first 24 h; after that the activity PGA was increased 
slowly and reached maximal at 144 h. Decrease in enzyme activity was observed before and after the optimum 
period for PGA. In comparison to this the activity of PL also increased after 48 h and reached maximum at 120 h. 
It decreased after the optimum period relatively slower than PGA. The decline in the PGA activity was observed 
after attaining the highest level of production, this could be due to the catabolic repression, cessation of the 
enzyme synthesis, and an increase of proteolysis in culture.

Scanning electron microscopy (SEM) analysis of banana peel. Initially, the banana peels were 
treated with crude enzyme which produced from S. cerevisiae in SMF method to study the degradation of pectin 
present in the cell wall of banana peels. The banana peels of both control and treated were examined under scan-
ning electron microscope but the banana peels treated with pectinase enzyme were softened by the degradation 
of pectin present in the cell wall. The SEM analysis revealed that the pectinase produced from S. cerevisiae caused 
greater pectin degradation, swelling up, separation of pulp microfibrils and pulp fibers (Fig. 2A) when compared 
to the control (Fig. 2B). In our study pectin lyases depolymerised the pectin more actively than pectate, and this 

Figure 2.  Scanning electron micrographs of Musa paradisiaca (Robusta- AAA) banana peel (A) enzyme treated 
and (B) control (scale bar = 100 μm).
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was examined by scanning electron micrographs. From the analysis of SEM, we have concluded that pectin pre-
sent in the cell wall of the banana peel was degraded when it was treated with the crude enzyme.

Effect of temperature and incubation time on juice clarification by pectinase. The impact of 
temperature and incubation time on the action of pectinase enzyme produced from S. cerevisiae and commercial 
pectinase enzyme on banana juice were analysed. The maximum reduction in cloudiness was obtained at 35 °C 
incubated for 1 h. The temperature of 35 °C was found to be optimum for juice clarification for both isolated 
enzyme and commercial enzyme shown in Table 2. Banana juice was treated separately with the pectinase pro-
duced from the S. Cerevisiae and commercial pectinase for 5 h at 35 °C. The cloudiness of juice and the content 
of pectin were determined for every 60 min. The clear banana juice was observed when treated with pectinase 
produced from S. cerevisiae. There was a complete absence of anhydrogalacturonic acid observed at the incuba-
tion time of 60–180 min but appeared after 4 h (Table 3). Finally, we conclude that the banana juice treated with 
isolated pectinase enzyme provided maximum clarity compared with that of commercial pectinase enzyme.

Effect of PPBJ on control and HFD obese rats. Effect of PPBJ on food intake, body weight and body 
composition. The food intake, the changes in body weight and body composition of normal control and ex-
perimental group rats are shown in Fig. 3. Different food intake responses were noticed among the groups, an 
increase in the food consumption (40 ± 0.23) was observed in HFD group (G-3) when compared to the control 
group (18 ± 0.01) (G-1) (Fig. 3A). Although, HFD obese rats treated with probiotic pectinase treated banana 
juice (G-4) showed a marginal increase in food consumption (25 ± 0.04) (p < 0.05) when compared with control 
group (22 ± 0.01). After 5 weeks of diet, HFD induced an increase in body weight was observed and finally by 
the end of 20 weeks there was a significant increase in the body weight (700 ± 0.04) observed in HFD group 
(G-3) when compared to control (300 ± 0.012) (G-1). However, oral supplementation of PPBJ at a dose of 5 mL/
kg bw/day significantly reduced the body weight of HFD treated obese rats (380 ± 0.34) (p < 0.05) (G-4) when 
compared to HFD control group (700 ± 0.04) (G-3) (Fig. 3B). A substantial increase in body weight indicates 
considerable changes in body composition. In this study BMI was significantly increased in HFD obese rats 
(10.10 ± 0.05) compare to control rats (5.5 ± 0.024) (Fig. 3C). Similarly lean body mass (493 ± 0.032) (Fig. 3D), 
total fat (130 ± 0.02) (Fig. 3E), fat free mass (220 ± 0.015) (Fig. 3F) and fat percentages (27 ± 0.42) (Fig. 3G) were 
found to be increased in HFD fed obese group when compared to control. However, oral supplementation of 
PPBJ significantly reduced the total fat (72 ± 0.8), fat free mass (165 ± 0.02), lean mass (330.4 ± 0.05) and fat 
percentage (17 ± 0.07) in HFD treated obese rats (G-4) (p < 0.05) when compared to HFD control group (G-3). 
Similar results were observed in rats fed with HFD + ORL (G-5).

Table 2.  Temperature effect on clarification of banana juice by pectinase of S. cerevisiae and standard 
commercial pectinase. Mean ± SE (n = 3); %T = % of transmission of light.

Temperature (°C) Pectinase (S. cerevisiae) (% T 650 nm) (blank 40%) Commercial pectinase (% T 650 nm) (blank 40%)

10 25.2 ± 0.03 29.9 ± 0.17

15 39.1 ± 0.07 42.5 ± 0.21

20 46.7 ± 0.05 50.1 ± 0.08

25 58.0 ± 0.10 59.0 ± 0.02

30 69.8 ± 0.26 71.7 ± 0.34

35 80.2 ± 0.08 84.5 ± 0.02

40 72.0 ± 0.04 76.0 ± 0.06

45 65.5 ± 0.17 70.1 ± 0.12

50 58.8 ± 0.02 64.6 ± 0.03

Table 3.  Comparison of pectinase from S. cerevisiae and commercial pectinase in pectin degradation and 
clarification of banana juice at various incubation times at 35 °C. *AGA  anhydrogalacturonic acid; mean ± SE 
(n = 3).

Time (min)

Pectinase from S. 
cerevisiae clarity (%T)

Commercial pectinase 
clarity (%T)

(650 nm) AGA* (%) (650 nm) AGA* (%)

0 60.4 ± 0.05 0 61.5 ± 0.01 0

60 69.0 ± 0.02 0 70.8 ± 0.04 0

120 77.8 ± 0.16 0 78.0 ± 0.15 0

180 84.5 ± 0.04 0 83.3 ± 0.27 1.02 ± 0.07

240 96.9 ± 0.12 10.0 ± 0.01 95.0 ± 0.64 1.40 ± 0.04

300 95.0 ± 0.07 10.5 ± 0.17 94.7 ± 0.55 1.65 ± 0.16
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Effect of PPBJ on fasting glucose, HbA1c, insulin, leptin and adiponectin. After 20 weeks, in 
HFD fed obese control group there was a significant increase (190 ± 0.04) in fasting blood glucose was noted over 
control group (80 ± 0.01) (Fig. 4A). All the rats in HFD obese group maintained high fasting blood glucose until 
the end of 20 weeks. Oral supplementation of PPBJ tended to reverse the fasting blood glucose levels (100 ± 0.20) 
near to normal range (p < 0.05).  HbA1C levels of HFD obese group were significantly higher (9.8 ± 0.05) (G-3) 
than those in control group (4.7 ± 0.33) (G-1). Treatment with oral supplementation of PPBJ in HFD rats (G-4) 
reduced the levels of  HbA1C significantly (6.5 ± 0.11) (p < 0.05), indicating improvement in glycemic control 

Figure 3.  Effect of PPBJ on food intake, body weight and body composition in control and HFD induced obese 
rats for 20 weeks. (A) Food intake. (B) Body weights. (C) Body Mass Index. (D) Lean body mass. (E) Total 
fat. (F) Fat free mass and (G) Fat percentage. PPBJ pectinase treated probiotic banana juice; HFD high fat diet; 
ORL Orlistat. Data was presented as mean ± SEM (n = 6 each group). Statistically significance compared to their 
respective controls ***p < 0.001; **p < 0.01; *p < 0.05. Groups compared using one way ANOVA.
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(Fig. 4B). There was a significant elevation in insulin was observed in HFD obese rats (10.5 ± 0.43) (G-3) over 
control rats (5 ± 0.05) (G-1). Oral supplementation of PPBJ tended to reverse the insulin levels (7.2 ± 0.01) (G-4) 
at a dose of 5 mL/kg bw/day (Fig. 4C) (p < 0.05). Similar results were observed in rats fed with HFD + ORL (G-5).

Plasma leptin and adiponectin levels of both control and experimental obese rats are noted. In HFD fed obese 
group (G-3) a marked elevation in leptin level (28 ± 0.44) (Fig. 4D) and a decreased adiponectin level (6.2 ± 0.10) 
(Fig. 4E) were observed compared to control group (G-1). But, oral supplementation of PPBJ (5 mL/kg bw/day) 
has significantly decreased the leptin (13 ± 0.01) and increased the adiponectin levels (10.5 ± 0.05) in HFD treated 
obese rats (G-4) (p < 0.05). Similar results were observed in rats fed with HFD + ORL (G-5).

Effect of PPBJ on insulin resistance. The significant increase in the homeostasis model assessment of 
insulin resistance (HOMA-IR) was observed (6.6 ± 0.2) in HFD obese rats over control rats (1.0 ± 0.04) (Fig. 5A), 
confirming insulin resistance. But, the homeostasis model assessment of β-cell function (HOMA- β) level 
was significantly decreased (38 ± 0.11) in HFD obese rats (G-3) (Fig. 5B) when compared to the control rats 
(164 ± 0.21) (G-1). The oral supplementation of PPBJ in HFD fed rats (G-4) significantly decreased (5.2 ± 0.03) 
insulin resistance score and increased β-cell function (HOMA- β) level (125 ± 0.05) (p < 0.05). Similar results 
were observed in rats fed with HFD + ORL.

Effect of PPBJ on OGTT . OGTT was performed to assess glucose tolerance, the results of the control and 
HFD fed obese rats are presented in Fig. 5C. In both control and obese rats maximum increase in FBG level was 
observed at 30 min after glucose load and declined to near to normal level at 120 min, But in obese rats, the 
increase in blood glucose level remained high over 120 min due increased insulin resistance leads to impaired 

Figure 4.  Effect of PPBJ on (A) Fasting blood glucose. (B) HbA1c (C) insulin, (D) Leptin and (E) Adiponectin. 
FBG fasting blood glucose; HbA1c glycosylated hemoglobin; ORL Orlistat. Data was presented as mean ± SEM 
(n = 6 each group). Statistically significance compared to their respective controls ***p < 0.001; **p < 0.01; 
*p < 0.05. Groups compared using one way ANOVA.
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glucose tolerance. The oral administration of PPBJ and orlistat in HFD obese rats resulted a significant decrease 
in blood glucose level at 60 min and beyond when compared with HFD obese control rats (p < 0.05).

Effect of PPBJ on lipid metabolism. HFD fed obese rats (G-3) resulted in dyslipidemia changes with 
a significant marked elevation in plasma TC (210 ± 0.03) and TG (220 ± 0.22) and reduction in HDL levels 
(22 ± 0.14) as compared with control (G-1). However, oral supplementation of PPBJ for 20 weeks significantly 
reduced the levels of TC (120 ± 0.05) and TG (160 ± 0.24) with increased levels of HDL in HFD treated obese 
rats (38 ± 0.03) (G-4) (Fig. 6A–C) (p < 0.05). Similar results were observed in rats fed with HFD + ORL (G-5).

Effect of PPBJ on liver functional markers. The levels of liver marker enzymes such as AST, ALT and 
ALP were evaluated as the markers of liver injury (Fig.  6D–F). HFD obese rats (G-3) showed considerably 
increased levels of plasma AST (124 ± 0.05), ALT (105 ± 0.12) and ALP (70 ± 0.25). But, oral supplementation 
of PPBJ (G-4) has decreased the levels of AST (82 ± 0.06), ALT (78 ± 0.34) and ALP (42 ± 0.22) respectively 
(p < 0.05). Similar results were observed in rats fed with HFD + ORL (G-5).

In vivo hepatoprotective activity of PPBJ. HFD fed for long term induces chronic hepatitis, which 
increases fat accumulation in liver and subsequent oxidative stress causes cellular injury and inflammation. HFD 
feed for 20 weeks resulted fatty changes to the liver, which characterized by the accumulation of lipid droplets 
within the hepatocytes causes non alcoholic fatty liver (hepatic steatosis). HFD caused hepatic steatosis indicated 
by an increase in the weight of the liver which may be associated with an inflammatory process induced by the 
hepatic toxicity (G-3). But the rats treated with PPBJ (5 mL/kg bw/day) used to evaluate hepatoprotective capac-
ity; the relative liver weights of the rats supplemented with PPBJ (G-4) were close to the control group (G-1). 
An increase of the liver weight may be associated with an inflammatory process induced by the hepatic toxicity 
(Table 4).

Effect of PPBJ on liver lipid peroxidation (oxidative stress). In order to evaluate PPBJ ability to 
prevent oxidative stress, the oxidative degradation of lipids in liver assessed by evaluating the concentration of 
thiobarbituric acid reactive substances (TBARS) this was expressed regarding malondialdehyde (MDA) con-

Figure 5.  Effect of PPBJ on Insulin resistance. (A) HOMA-IR. (B) HOMA-beta and (C) OGTT. HOMA-IR 
homeostasis model assessment of insulin resistance; HOMA-beta homeostasis model assessment of β-cell 
function. OGTT  oral glucose tolerance test; ORL Orlistat. Data was presented as Mean ± SEM (n = 6 each 
group). Statistically significance compared to their respective controls ***p < 0.001; **p < 0.01; *p < 0.05. Groups 
compared using one way ANOVA.
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tent. The hepatic MDA levels were found to be significantly increased in HFD obese rats (1.25 ± 0.04) (G-3) in 
comparison to control rats (0.4 ± 0.21) (G-1), whereas oral supplementation of PPBJ (G-4) resulted a significant 
reduction in MDA level (0.7 ± 0.01) (Fig. 7A) (p < 0.05). These findings indicated that PPBJ had good antioxida-
tive stress property.

Effect of PPBJ on antioxidants status. HFD induced obesity causes oxidative stress which generates 
free radicals and involves in macromolecules peroxidation leads to an MDA increase and a failure in the hepato-
cyte antioxidant system. Our investigation resulted a decrease in antioxidant defence with a significant reduc-
tion in the activities of CAT (0.5 ± 0.42) and GSH (0.4 ± 0.21) antioxidant enzymes and an increase in SOD 
activity (1.5 ± 0.55) in the livers of rats fed on the HFD (G-3) when compared with the control group (G-1) 
(Fig. 7B–D). This is due to increased lipid peroxidation lead to inactivation of the enzymes by cross linking with 

Figure 6.  Effect of PPBJ on lipid metabolism and liver functional markers. (A) Total cholesterol. (B) 
Triglycerides. (C) HDL. (D) AST. (E) ALT and (F) ALP. HDL high density lipoproteins; AST aspartate 
transaminase; ALT alanine transaminase, and ALP alkaline phosphatase. Data was presented as mean ± SEM 
(n = 6 each group). Statistically significance compared to their respective controls ***p < 0.001; **p < 0.01; 
*p < 0.05. Groups compared using one way ANOVA.

Table 4.  Liver organ weights of different groups.

Group Livers weight (g)

G-1 10.60 ± 0.22a

G-2 10.05 ± 0.03a

G-3 20.12 ± 0.37b

G-4 12.45 ± 0.08a

G-5 12.23 ± 0.45a
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MDA; this will cause an increased accumulation of superoxide,  H2O2 and hydroxyl radicals which could further 
stimulate lipid peroxidation during development of obesity. But the treatment with oral administration of PPBJ 
significantly elevated the activities of CAT (1.4 ± 0.30) and GSH (1.04 ± 0.04) but decreased the activity of SOD 
(0.82 ± 0.22) (G-4) (p < 0.05). Similar effects noticed with ORL with a fewer magnitude in comparison to those 
of the PPBJ.

Effect of PPBJ on liver triglycerides and glycogen. Quantification of liver triglycerides (29 ± 0.01) 
and glycogen (0.052 ± 0.31) in frozen-liver tissues were found to be increased in HFD obese rats (G-3) compare 
to control rats (G-1) (Fig. 8A,B). Biochemical analysis of TG levels also confirmed the accumulation of lipids 
with a significant increase in triglycerides after 20 weeks. But oral supplement of PPBJ for 20 weeks (G-4) sig-
nificantly reduced the levels of liver triglycerides (15 ± 0.02) and glycogen (0.022 ± 0.15) contents as in control 
(G-1) (p < 0.05).

Histopathology of liver. Hematoxylin & Eosin analysis of the liver showed normal liver architecture in 
control rats (Fig. 8C) but HFD induced obese rats showed marked vacuolar degeneration and lipids accumula-
tion on liver which indicated by increased liver size, larger lipid droplets, congestion with sinusoidal dilation, 
mild degree of lymphocytic infiltrate and bleeding (Fig. 8D). The rats fed with PPBJ group showed normal liver 
size with less the number of lipid droplets with only few congestion and mild lymphocytic infiltrate (Fig. 8E).

Discussion
Banana fruits are most important part of human diet and frequently used for the production of juices, jelly 
recipe and jams due to its nutritional and medicinal values. But the banana peels were considered as wastes 
which bring about environmental pollution. The banana peel wastes could be harnessed into pectin, biogas and 
dietary  fibres41–43. Industrially extracted pectin was used as a substrate for the production of pectinase enzyme 
by both solid state fermentation (SSF) and submerged fermentation (SMF)  methods44. In this study, pectinase is 
sourced from Saccharomyces cerevisiae and produced by SMF. The impact of temperature and incubation time on 
the action of pectinase enzyme produced from S. cerevisiae and commercial pectinase enzyme on banana juice 

Figure 7.  Effect of PPBJ on liver Lipid peroxidation. (A) MDA content. (B) CAT. (C) GSH and (D) SOD. MDA 
malondialdehyde; CAT  catalase; GSH reduced glutathione; SOD superoxide dismutase. Data was presented 
as mean ± SEM (n = 6 each group). Statistically significance compared to their respective controls ***p < 0.001; 
**p < 0.01; *p < 0.05. Groups compared using one way ANOVA.
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also analysed. Finally, it was concluded that the banana juice treated with isolated pectinase enzyme provided 
maximum clarity compared with that of commercial pectinase enzyme.

Excessive food intake with a high calorie is a major contributor to obesity among people and another large 
contributor to obesity is the lack of physical activity and sedentary  behaviour45. As of today modern food environ-
ments were completely filled with nutrient poor and energy dense foods which highly palatable and processed 
in the ways that make it difficult for the body to regulate intake and weight. Probiotics are non pathogenic live 
microorganisms with high nutritive values, reported for maintenance of a healthier gut microbiota and an effec-
tive therapeutic adjuvant for various ailments like obesity, diabetes, cancer and age related  disorders46. But the 
mode of mechanisms for their effectiveness on obesity, diabetes and its related complications are still not known. 
HFD can change the concentration of intestinal microbiota which causes metabolic endotoxemia and insulin 
 resistance47. The molecular mechanisms involved in HFD and change in the intestinal microbiota environment 
are not fully evaluated, but high energy diets increase fatty acid oxidation in the liver by lipid peroxidation and 
increases malondialdehyde (MDA) production which leads to oxidative stress. The ROS generated reduce mucus 
production in the intestinal epithelium and make changes in the microbial  environment48. Oxidative stress is a 
disequilibrium condition which triggers crucial risks for many metabolic diseases, such as obesity, diabetes, dys-
lipidemia, cardiovascular disease and also involves in the pathogenesis of liver  diseases49. NAFLD is characterized 
by excess deposition of triglycerides (TG) in the hepatocyte followed by development of inflammatory NASH 
and fibrogenic responses. Currently, probiotics have been described to inhibit obesity associated complications 
and to delay the onset of diabetes in different experimental models including diet-induced, chemical-induced 
and genetically mutated  animals50.

This investigation undertaken to utilize banana peel as appropriate substrate for the formation of pectinase 
enzyme by SMF method and fermentation of pectinase treated banana juice was carried out by newly isolated 
strain of S. Cerevisiae and characterized the fermented banana juice for various biochemical and histopathological 
parameters related to obesity, insulin resistance, oxidative stress, antioxidant activity and high fat diet induced 
hepatic steatosis. Thermal conditions for the maximal production of PGA and PL were studied in S. Cerevisiae. 
Both the enzymes showed maximal activity at 40 °C in SMF. SEM study indicates that pectinase from S. Cerevisiae 

Figure 8.  Effect of PPBJ on quantification of hepatic triglycerides, glycogen and, H & E staining for hepato 
steatosis. (A) Quantification of hepatic triglycerides. (B) Quantification of hepatic glycogen. (C) Control liver. 
(D) HFD obese liver (hepato steatosis) and (E) HFD treated with PPBJ liver. PPBJ pectinase treated probiotic 
banana juice; HFD high fat diet; ORL Orlistat. H & E hematoxylin and eosin staining. Data was presented as 
mean ± SEM (n = 6 each group). Statistically significance compared to their respective controls ***p < 0.001; 
**p < 0.01; *p < 0.05. Groups compared using one way ANOVA.
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degraded pectin compared to that of control banana peel when it is treated with crude enzyme. The cloudiness of 
the juice and the pectin content were determined every 30 min. Banana juice with good clarity observed when 
treated with pectinase from S. Cerevisiae.

In vivo evaluation of PPBJ significantly reduced the over weight of the body and liver organ weight in HFD 
induced obese rats and reduced high glucose levels by increasing insulin levels indicated by improved HOMA-IR 
implies a potential effect of PPBJ on glycemic control and significantly changed the gut microbiota composition 
with an increased proportion of S. Cerevisiae. Probioticated banana juice tested for lipid profiles, PPBJ signifi-
cantly decreased the levels of TC and TG in HFD induced hyperlipidemia. Furthermore, HDL cholesterol levels 
were partly increased in hyperlipidemia. Liver is an elaborate system for antioxidant defences to eliminate or 
neutralize ROS. The generated free radicals cause lipid peroxidation and malondialdehyde (MDA) production 
in liver. The elevated levels of ROS influence the hepatocellular antioxidant defences, resulting in oxidative 
stress ultimately lead to hepatocyte injury, and liver cell death. In this study HFD supplementation attenuates 
HFD-induced hepatic steatosis which indicated by increased liver weight, increased intracellular enzymes lev-
els, TBARS levels and accumulation of lipid droplets. After oral administration of PPBJ for 20 weeks treatment 
recovered the liver injury with normal liver weights, normal intracellular liver enzyme markers with decreased 
TBARS levels and MDA production by decreasing the oxidative stress.

The liver antioxidant enzyme activities CAT, SOD, and GSH also reached to normal level. These findings 
indicated that PPBJ had good anti-oxidative stress and antioxidant properties. The reports indicate that antioxi-
dants can alter cholesterol absorption and increase antioxidant status. Therefore, PPBJ strongly prevented the 
failure of hepatocyte antioxidant system caused by obesity induced oxidative stress; thereby regulate the lipid 
and glucose homeostasis. Fermented PPBJ increase the gut microbiota and defends its host from pathogens by 
competitive exclusion, including occupation of attachment sites, consumption of nutrient sources, and produc-
tion of antimicrobial substances. When the intestinal microbiota is abnormal, harmful bacteria will multiply 
excessively, inducing the endotoxin in blood and causing significant oxidative stress. Our investigation proves that 
probiotics alter the intestinal microbiota composition and inhibit the excessive proliferation of harmful bacteria.

Probiotics are live microorganisms which can live in the gastrointestinal tract that can regulate composition 
of the intestinal microbiome and also inhibit the uncontrolled growth of harmful bacteria, which may come 
up with decreased oxidative stress by influencing the production of β-defensin and IgA. The supplementation 
of probiotics could protect intestinal barrier by maintaining the tight junctions and inducing the production 
of mucin. The immunomodulation mediated by the probiotics may occur through the mediation of cytokine 
secretion by NFκB and MAPKs signaling pathways, also affects proliferation and differentiation of immune cells 
mainly T cells or epithelial cells. The probiotics can lower the intestinal pH and suppress the growth of patho-
genic microorganisms by producing lactic acid, acetic acid, and propionic acid to maintain the proper balance 
of the gut  microbiota51,52. The abnormal concentration of gut microbiome leads to the excessive proliferation of 
harmful bacteria which induces the release of bacterial endotoxins into the blood causes significant oxidative 
stress. But probiotic supplementation restore gut microbiota and protect the host from pathogens by competi-
tive exclusion, including occupation of attachment sites, consumption of nutrient sources, and production of 
antimicrobial  substances53–55.

Finally, it was clear that ad libitum high fat diet in rats leads to obesity which results structural and functional 
changes in the gut microbiota leads to dysbiosis and increased deposition of triglyceride in the adipose tissue. So 
that the gut microbiota has become a potential target to obtain optimal health. In this study, the primary mecha-
nism of action of PPBJ is regulation of the host immune response and cytokine profile by the way of influencing 
the composition of the gut microbiome, protecting the host by displacing harmful bacteria, competing with 
pathogens for nutrients, and also by producing the antimicrobial substances such as lactic acid and acetic acid, 
creating a harmful microenvironment for pathogens by developing the immune system. Secondary, the modula-
tion of gut microbiota by PPBJ treatment could affect body weight by increased energy expenditure, controlled 
consumption of food, and creating the satiety through gut peptide signaling, improved glucose tolerance, insulin 
sensitivity, lipolysis including decreased lipogenesis and adipogenesis could reduce the fat accumulation and 
reduced chronic systemic inflammation.

Histopathological studies also confirmed the liver damage caused by HFD in obese control rats presented 
degenerative changes of hepatocyte fat accumulation, inflammation and oxidative stress which contributed to 
cause hepatic inflammation leads to chronic liver injury. But treatment with PPBJ showed anti-inflammatory, 
anti-oxidative stress and antioxidant activities in rats and significantly suppressed the progression of chronic 
inflammation initiated by lipid accumulation within hepatocytes. So, PPBJ could be an effective therapeutic agent 
which suppresses the progression of fatty liver to NASH. Under these conditions, this antisteatotic effect of PPBJ 
is associated with the changes in metabolic reactions by increasing the microbiota, decreasing the oxidative stress 
and enhancement in the antioxidant potential of the liver.

conclusion
It is concluded that the increased intestinal Saccharomyces cerevisiae yeast can switch synergetic antioxidant effect 
and to an antagonistic effect towards the lipid radicals and may induce synthesis of polyunsaturated fatty acids 
which have anti-obesity, antidiabetic, antioxidative stress, antioxidant and anti-hepatosteatosis effect. The anti-
steatotic effect of PPBJ is associated with the enhancement in the antioxidant potential of the liver by reduction 
in the oxidative stress triggered by HFD. Banana juice increased the concentration of gut microbes and allowed 
the gut microbes to interact with the host’s liver tissues and to regulate its energy metabolism and also played a 
role in control of nutrient absorption and metabolism, the integrity of the gut barrier. This investigation is the 
evidence, suggesting the potential therapeutic action of pectinase treated probiotic banana juice on HFD induced 
obesity, obesity associated insulin resistance lipid peroxidation and hepatic steatosis prevention and treatment.



16

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16894  | https://doi.org/10.1038/s41598-020-73670-4

www.nature.com/scientificreports/

Received: 23 February 2020; Accepted: 21 September 2020

References
 1. Doak, C. M., Visscher, T. L. S., Renders, C. M. & Seidell, J. C. The prevention of overweight and obesity in children and adolescents: 

a review of interventions and programmes. Obes. Rev. 7(1), 111–136. https ://doi.org/10.1111/j.1467-789X.2006.00234 .x (2006).
 2. Anderson, J. W., Kendall, C. W. & Jenkins, D. J. Importance of weight management in type 2 diabetes: review with meta-analysis 

of clinical studies. J. Am. Coll. Nutr. 22(5), 331–339. https ://doi.org/10.1080/07315 724.2003.10719 316 (2003).
 3. Markowiak, P. & Śliżewska, K. Effects of probiotics, prebiotics, and synbiotics on human health. Nutrients 9(9), 1021. https ://doi.

org/10.3390/nu909 1021 (2017).
 4. Benedict, M. & Zhang, X. Non-alcoholic fatty liver disease: an expanded review. World J. Hepatol. 9(16), 715–732. https ://doi.

org/10.4254/wjh.v9.i16.715 (2017).
 5. Shen, T. et al. Sitagliptin reduces insulin resistance and improves rat liver steatosis via the SIRT1/AMPKα pathway. Exp. Ther. Med. 

16(4), 3121–3128. https ://doi.org/10.3892/etm.2018.6554 (2018).
 6. Salminen, S. et al. Interaction of probiotics and pathogens-benefits to human health?. Curr. Opin. Biotechnol. 21(2), 157–167. https 

://doi.org/10.1016/j.copbi o.2010.03.016 (2010).
 7. Terciolo, C., Dapoigny, M. & Andre, F. Beneficial effects of Saccharomyces boulardii CNCM I-745 on clinical disorders associated 

with intestinal barrier disruption. Clin. Exp. Gastroenterol. 12, 67–82. https ://doi.org/10.2147/CEG.S1815 90 (2019).
 8. Shah, N. J. & Swami, O. C. Role of probiotics in diabetes: a review of their rationale and efficacy. Diabetes 5, 104–110 (2017).
 9. Wallace, T. C. et al. Human gut microbiota and its relationship to health and disease. Nutr. Rev. 69(7), 392–403. https ://doi.org/1

0.1111/j.1753-4887.2011.00402 .x (2011).
 10. Madsen, K. Probiotics in critically ill patients. J. Clin. Gastroenterol. 42, S116–S118. https ://doi.org/10.1097/MCG.0b013 e3181 

7283c b (2008).
 11. Imam, M. Z. & Akter, S. Musa paradisiaca L. and Musa sapientum L.: a phyto-chemical and pharmacological review. J. Appl. Pharm. 

Sci. 1(5), 14–20 (2011).
 12. Yakubu, M. T. et al. Antidiarrhoeal activity of Musa paradisiaca Sap in Wistar rats. Evid. Based Complement. Altern. 1–9, 2015. 

https ://doi.org/10.1155/2015/68372 6 (2015).
 13. Rabbani, G. H. et al. Green banana and pectin improve small intestinal permeability and reduce fluid loss in Bangladeshi children 

with persistent diarrhea. Dig. Dis. Sci. 49(3), 475–484. https ://doi.org/10.1023/b:ddas.00000 20507 .25910 .cf (2004).
 14. McComb, E. A. & McCready, R. Colorimetric determination of pectic substances. Anal. Chem. 24(10), 1630–1632. https ://doi.

org/10.1021/ac600 70a03 6 (1952).
 15. Ranganna, S. Handbook of Analysis and Quality Control for Fruit and Vegetable Products (Tata McGraw-Hill Education, New York, 

1986).
 16. Miller, G. L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 31(3), 426–428. https ://doi.

org/10.1021/ac601 47a03 0 (1959).
 17. Brooks, A. A. Ethanol production potential of local yeast strains isolated from ripe banana peels. Afr. J. Biotechnol. 7(20), 3749–3752 

(2008).
 18. El Enshasy, H. A., Elsayed, E. A., Suhaimi, N., AbdMalek, R. & Esawy, M. Bio-process optimization for pectinase production using 

Aspergillus niger in a submerged cultivation system. BMC Biotechnol. 18(1), 71. https ://doi.org/10.1186/s1289 6-018-0481-7 (2018).
 19. Albersheim, P. Pectin lyase from fungi. In: Methods in Enzymology. 8, 628–631 (Academic Press, New York 1966) https ://doi.

org/10.1016/0076-6879(66)08113 -8.
 20. Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 

265–275 (1951).
 21. Memon, J. R. et al. Characterization of banana peel by scanning electron microscopy and FT-IR spectroscopy and its use for 

cadmium removal. Colloids Surf.. B Biointerfaces 66(2), 260–265. https ://doi.org/10.1016/j.colsu rfb.2008.07.001 (2008).
 22. Kumar, Y. S., Kumar, P. V. & Reddy, O. V. S. Pectinase production from mango peel using Aspergillus foetidus and its application 

in processing of mango juice. Food Biotechnol. 26(2), 107–123. https ://doi.org/10.1080/08905 436.2012.67083 0 (2012).
 23. Baker, R. A. & Bruemmer, J. H. Influence of pectate-hesperidin floc on orange juice clarify-cation. Proc. Fla. State Hortic. Soc. 85, 

225–229 (1972).
 24. Kesari, A. N., Gupta, R. K., Singh, S. K., Diwakar, S. & Watal, G. Hypoglycemic and anti-hyperglycemic activity of Aegle marmelos 

seed extract in normal and diabetic rats. J. Ethnopharmacol. 107(3), 374–379. https ://doi.org/10.1016/j.jep.2006.03.042 (2006).
 25. Eross, J. et al. Colorimetric measurement of glycosylated protein in whole blood, red blood cells, plasma and dried blood. Ann. 

Clin. Biochem. 21(6), 477–483. https ://doi.org/10.1177/00045 63284 02100 606 (1984).
 26. Saravanan, G., Ponmurugan, P., Deepa, M. A. & Senthilkumar, B. Anti-obesity action of gingerol: effect on lipid profile, insulin, lep-

tin, amylase and lipase in male obese rats induced by a high-fat diet. J. Sci. Food Agric. 94(14), 2972–2977. https ://doi.org/10.1002/
jsfa.6642 (2014).

 27. Berger, J. P. Role of PPAR γ, transcriptional cofactors, and adiponectin in the regulation of nutrient metabolism, adipogenesis and 
insulin action: view from the chair. Int. J. Obes. 29(1), S3–S4. https ://doi.org/10.1038/sj.ijo.08029 04 (2005).

 28. Tian, F., Zhang, Y. J., Li, Y. & Xie, Y. Celecoxib ameliorates non-alcoholic steatohepatitis in type 2 diabetic rats via suppression of 
the non-canonical Wnt signaling pathway expression. PLoS ONE 9, 1–8. https ://doi.org/10.1371/journ al.pone.00838 19 (2014).

 29. Reaven, G. M. HOMA-beta in the UKPDS and ADOPT. Is the natural history of type 2 diabetes characterised by a progressive and 
inexorable loss of insulin secretory function? Maybe? Maybe not?. Diab. Vasc. Dis. Res. 6(2), 133–138. https ://doi.org/10.1177/14791 
64109 33603 8 (2009).

 30. Du Vigneaud, V. & Karr, W. G. Carbohydrate utilization I. Rate of disappearance of d-glucose from the blood. J. Biol. Chem. 66(1), 
281–300 (1925).

 31. Zlatkis, A., Zak, B. & Boyle, A. J. A new method for the direct determination of serum cholesterol. J. Lab. Clin. Med. 41(3), 486–492 
(1953).

 32. Foster, L. B. & Dunn, R. T. Stable reagents for determination of serum triglycerides by a colorimetric Hantzsch condensation 
method. Clin. Chem. 19(3), 338–340 (1973).

 33. Burstein, M. S. H. R., Scholnick, H. R. & Morfin, R. Rapid method for the isolation of lipo-proteins from human serum by pre-
cipitation with polyanions. J. Lipid. Res. 11(6), 583–595 (1970).

 34. Reitman, S. & Frankel, S. A colorimetric method for the determination of serum glutamic oxalacetic and glutamic pyruvic transami-
nases. Am. J. Clin. Pathol. 28(1), 56–63. https ://doi.org/10.1093/ajcp/28.1.56 (1957).

 35. Bessey, O. A., Lowky, O. H. & Brock, M. J. A method for the rapid determination of alkaline phosphatase with five cubic millimeters 
of serum. J. Biol. Chem. 164, 321–329 (1946).

 36. Fraga, C. G., Leibovitz, B. E. & Tappel, A. L. Lipid peroxidation measured as thiobarbituric acid-reactive substances in tissue 
slices: characterization and comparison with homogenates and microsomes. Free Radic. Biol. Med. 4(3), 155–161. https ://doi.
org/10.1016/0891-5849(88)90023 -8 (1988).

 37. Kakkar, P., Das, B. & Viswanathan, P. N. A modified spectrophotometric assay of super-oxide dismutase. https ://hdl.handl 
e.net/12345 6789/19932  (1984).

https://doi.org/10.1111/j.1467-789X.2006.00234.x
https://doi.org/10.1080/07315724.2003.10719316
https://doi.org/10.3390/nu9091021
https://doi.org/10.3390/nu9091021
https://doi.org/10.4254/wjh.v9.i16.715
https://doi.org/10.4254/wjh.v9.i16.715
https://doi.org/10.3892/etm.2018.6554
https://doi.org/10.1016/j.copbio.2010.03.016
https://doi.org/10.1016/j.copbio.2010.03.016
https://doi.org/10.2147/CEG.S181590
https://doi.org/10.1111/j.1753-4887.2011.00402.x
https://doi.org/10.1111/j.1753-4887.2011.00402.x
https://doi.org/10.1097/MCG.0b013e31817283cb
https://doi.org/10.1097/MCG.0b013e31817283cb
https://doi.org/10.1155/2015/683726
https://doi.org/10.1023/b:ddas.0000020507.25910.cf
https://doi.org/10.1021/ac60070a036
https://doi.org/10.1021/ac60070a036
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1186/s12896-018-0481-7
https://doi.org/10.1016/0076-6879(66)08113-8
https://doi.org/10.1016/0076-6879(66)08113-8
https://doi.org/10.1016/j.colsurfb.2008.07.001
https://doi.org/10.1080/08905436.2012.670830
https://doi.org/10.1016/j.jep.2006.03.042
https://doi.org/10.1177/000456328402100606
https://doi.org/10.1002/jsfa.6642
https://doi.org/10.1002/jsfa.6642
https://doi.org/10.1038/sj.ijo.0802904
https://doi.org/10.1371/journal.pone.0083819
https://doi.org/10.1177/1479164109336038
https://doi.org/10.1177/1479164109336038
https://doi.org/10.1093/ajcp/28.1.56
https://doi.org/10.1016/0891-5849(88)90023-8
https://doi.org/10.1016/0891-5849(88)90023-8
http://hdl.handle.net/123456789/19932
http://hdl.handle.net/123456789/19932


17

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16894  | https://doi.org/10.1038/s41598-020-73670-4

www.nature.com/scientificreports/

 38. Sinha, A. K. Colorimetric assay of catalase. Anal. Biochem. 47(2), 389–394. https ://doi.org/10.1016/0003-2697(72)90132 -7 (1972).
 39. Ellman, G. L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82(1), 70–77. https ://doi.org/10.1016/0003-9861(59)90090 -6 

(1959).
 40. Dal, S. et al. Portal or subcutaneous insulin infusion: efficacy and impact on liver inflammation. Fundam. Clin. Pharmacol. 29(5), 

488–498. https ://doi.org/10.1111/fcp.12129  (2015).
 41. Padam, B. S., Tin, H. S., Chye, F. Y. & Abdullah, M. I. Banana by-products: an under-utilized renewable food biomass with great 

potential. J. Food Sci. Technol. 51(12), 3527–3545. https ://doi.org/10.1007/s1319 7-012-0861-2 (2014).
 42. Gowe, C. Review on potential use of fruit and vegetables by-products as a valuable source of natural food additives. Food Sci. Qual. 

Mgmt. 45, 47–61 (2015).
 43. Netshiheni, R. K., Omolola, A. O., Anyasi, T. A. & Jideani, A. I. Banana bioactives: absorption, utilisation and health benefits. 

In Banana Nutrition-Function and Processing Kinetics. IntechOpen. https ://doi.org/10.5772/intec hopen .83369  (2019).
 44. Ezugwu, A. L., Eze, S. O. O., Chilaka, F. C. & Anyanwu, C. U. Production and characteri-zation of pectinases obtained from 

Aspergillus fumigatus in submerged fermentation system using pectin extracted from mango peels as carbon source. Plant Prod. 
Res. J. 16, 47–53 (2013).

 45. Hill, J. O., Wyatt, H. R. & Peters, J. C. Energy balance and obesity. Circulation 126(1), 126–132. https ://doi.org/10.1161/CIRCU 
LATIO NAHA.111.08721 3 (2012).

 46. Nagpal, R. et al. Probiotics, their health benefits and applications for developing healthier foods: a review. FEMS Microbiol. Lett. 
334(1), 1–15. https ://doi.org/10.1111/j.1574-6968.2012.02593 .x (2012).

 47. Cani, P. D. et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 56(7), 1761–1772. https ://doi.org/10.2337/
db06-1491 (2007).

 48. Borrelli, A. et al. Role of gut microbiota and oxidative stress in the progression of non-alcoholic fatty liver disease to hepatocarci-
noma: current and innovative therapeutic approaches. Redox Biol. 15, 467–479. https ://doi.org/10.1016/j.redox .2018.01.009 (2018).

 49. Rolo, A. P., Teodoro, J. S. & Palmeira, C. M. Role of oxidative stress in the pathogenesis of nonalcoholic steatohepatitis. Free Radic. 
Biol. Med. 52(1), 59–69. https ://doi.org/10.1016/j.freer adbio med.2011.10.003 (2012).

 50. Hsieh, F. C. et al. Oral administration of Lactobacillus reuteri GMNL-263 improves insulin resistance and ameliorates hepatic 
steatosis in high fructose-fed rats. Nutr. Metab. 10(1), 35. https ://doi.org/10.1186/1743-7075-10-35 (2013).

 51. Bhardwaj, A., Kaur, G., Gupta, H., Vij, S. & Malik, R. K. Interspecies diversity, safety and probiotic potential of bacteriocinogenic 
Enterococcus faecium isolated from dairy food and human faeces. World J. Microbiol. Biotechnol. 27(3), 591–602. https ://doi.
org/10.1007/s1127 4-010-0494-4 (2011).

 52. Doron, S. & Gorbach, S. L. Probiotics: their role in the treatment and prevention of disease. Expert Rev. Anti. Infect. Ther. 4(2), 
261–275. https ://doi.org/10.1586/14787 210.4.2.261 (2006).

 53. Sekirov, I., Russell, S. L., Antunes, L. C. M. & Finlay, B. B. Gut microbiota in health and disease. Physiol. Rev. 90(3), 859–904. https 
://doi.org/10.1152/physr ev.00045 .2009 (2010).

 54. Spinler, J. K. et al. Human-derived probiotic Lactobacillus reuteri demonstrate anti-microbial activities target-ing diverse enteric 
bacterial pathogens. Anaerobe 14(3), 166–171. https ://doi.org/10.1016/j.anaer obe.2008.02.001 (2008).

 55. Collado, M. C., Meriluoto, J. & Salminen, S. Role of commercial probiotic strains against human pathogen adhesion to intestinal 
mucus. Lett. Appl. Microbiol. 45(4), 454–460. https ://doi.org/10.1111/j.1472-765X.2007.02212 .x (2007).

Authors contribution
Hypothesis conceptualized by P.Y.K., V.N. Data curation by V.P., S.D., K.K.J., S.K., L.B., B.P.A. Research work 
investigated by P.Y.K., V.P., M.M., V.P.S., J.Y.E., L.K.L., V.R.K., A.S. Data validated by K.K.J., S.D., R.U., V.P.S., S.T., 
S.N. Manuscript drafted by P.Y.K., V.P., A.J.A.M., S.D., R.R. Manuscript reviewed and edited by P.Y.K., V.P., R.U., 
V.P.S., J.Y.E., V.N., S.D., K.K.J., S.K. and A.S. All the authors read and approved the final manuscript.

funding
This study did not receive any specific grant from any funding agencies in the public, commercial, or not-for-
profit sectors.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.Y.K. or V.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/0003-2697(72)90132-7
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1111/fcp.12129
https://doi.org/10.1007/s13197-012-0861-2
https://doi.org/10.5772/intechopen.83369
https://doi.org/10.1161/CIRCULATIONAHA.111.087213
https://doi.org/10.1161/CIRCULATIONAHA.111.087213
https://doi.org/10.1111/j.1574-6968.2012.02593.x
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db06-1491
https://doi.org/10.1016/j.redox.2018.01.009
https://doi.org/10.1016/j.freeradbiomed.2011.10.003
https://doi.org/10.1186/1743-7075-10-35
https://doi.org/10.1007/s11274-010-0494-4
https://doi.org/10.1007/s11274-010-0494-4
https://doi.org/10.1586/14787210.4.2.261
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1016/j.anaerobe.2008.02.001
https://doi.org/10.1111/j.1472-765X.2007.02212.x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pathophysiology of high fat diet induced obesity: impact of probiotic banana juice on obesity associated complications and hepatosteatosis
	Materials and methods
	Source of banana peels wastes. 
	Pectin extraction from banana peels and estimation. 
	Yeast strains. 
	Inoculum size. 
	Production of pectinase enzyme by sub-merged fermentation (SMF). 
	Enzyme assays for polygalacturonase (PGA) and pectin lyase (PL). 
	Effect of pH, temperature, and incubation time on enzyme production. 
	Scanning electron microscopy (SEM) analysis of banana peel. 
	Effect of temperature on cloudiness of banana juice. 
	Estimation of banana juice clarity. 
	Rat model. 
	High fat diet composition (40% fat). 
	Animal experiment design. 
	Food intake, body weights and body composition. 
	Biochemical analysis. 
	Measurement of glucose, glycosylated haemoglobin (HbA1c), leptin, and adiponectin. 

	Insulin resistance (IR). 
	Oral glucose tolerance test (OGTT). 
	Lipid metabolism. 
	HFD induced obesity and liver damage. 
	Liver marker enzymes. 
	TBARS assay for oxidative stress in liver tissue (Lipid peroxidation). 
	Antioxidant enzymes activities in liver homogenates. 
	Hepatic triglycerides and glycogen quantification. 
	Histopathological analysis. 
	Statistical analysis of biological data. 
	Ethical approval. 

	Results
	Pectin extraction from banana peels, substrate preparation, and yeast strains culture maintenance. 
	SMF method for better production of polygalacturonase (PGA) and pectin lyase (PL). 
	Effect of pH on the production of PGA and PL. 
	Effect of temperature on the production of PGA and PL. 
	Incubation time effect on the production of PGA and PL. 
	Scanning electron microscopy (SEM) analysis of banana peel. 
	Effect of temperature and incubation time on juice clarification by pectinase. 
	Effect of PPBJ on control and HFD obese rats. 
	Effect of PPBJ on food intake, body weight and body composition. 

	Effect of PPBJ on fasting glucose, HbA1c, insulin, leptin and adiponectin. 
	Effect of PPBJ on insulin resistance. 
	Effect of PPBJ on OGTT. 
	Effect of PPBJ on lipid metabolism. 
	Effect of PPBJ on liver functional markers. 
	In vivo hepatoprotective activity of PPBJ. 
	Effect of PPBJ on liver lipid peroxidation (oxidative stress). 
	Effect of PPBJ on antioxidants status. 
	Effect of PPBJ on liver triglycerides and glycogen. 
	Histopathology of liver. 

	Discussion
	Conclusion
	References


